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and copper w e r e  also conducted. 

r e f € e c t i v i t g - o f  var ious  v;tctftti~ and chemically depos i ted  coa t ings  w a s  

During t h i s  phase of e f f o r t  t h e  

Zn t h e  second phase of t he  program t h e  new mirror des ign  and t o o l i n g  

f o r  t he  5-foot concent ra tors .  
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. .. 

1. INTRODUCTION 
During the last 5 years Electro-Optical Systems, Inc. has conducted 

several study and developmental programs related to solar energy 

collectors. Since detailed information has already been described 

in the repmts resulting from these prior activities, an extensive 

review will not be included here. However, the programs, resultant 

reports, and a brief description of the area of activity, are listed in 

the following paragraphs. A familiarity with the information contained 
;- +L-.-.- - - -*  -^__-e- - - < l - i  L -  L - - - S 2 - 3 - 7  z -  GI-- . - - J - - - + . . . - J 2 - -  --a 
L I I  L I I C ~ S  yaac ~ c y u i c o  W A L L  ur U ~ L I ~ L L L L Q I  LLI L L I ~  U L L U ~ L S L ~ U U L L L ~ ~  diiu 

evaluation of the work conducted under the present program. 
Jkf initions of terminology and descriptive phrases used in 

this report are contained in paragraph 1.5. 

the Army Ballistic Missile Agency, Huntsville, Alabama, under Contract 

DA-04-495-506-ORD-1790. The program involved a comprehensive study 

cQvering a wide. rtangi of subjects including details of system desiwl - - - - - 
requimemeu-ts-zuzd design data ,  basic concentrator design considerations, 
thermal energy converters, concentrator size requirements, and estimates 

of some component weights and dimensions. Concentrator structural and 

fabrication techniques were discussed and included elements of concen- 

trator structure, concentrator design considerarions, fabrication tech- 

niques, and materials. The experimental development phases of the 

program included fabrication of small-scale sample concentrators. A 

wide variety of fabrication processes were investigated to study 

the advantages and disadvantages of each. 

Explosive forming, spin forming, stretch forming, matched-die 

forming, and other similar processes that were evaluated involved actual 

2100-Final 1 



In addition to this deformation and stretching of the material itself, 

the part was required to come in physical contact with the face of 

the mandrel or tool during the course of forming, As a result, it 

was found to be impossible to maintain the surface accuracy and 

polish required for high efficiency concentrator performance with- 

out repolishing after the forming process was completed. 

polishing operations were found to be difficult, if not impossible, 

to carry out on the thin-skin structures that were required for 

achievement of very low specific weight (pounds per square foot of 

su~iact l  areal. L O T  these as weii as ocher consideracions, rrhe 

formation of the concentrator reflector face skins by these more 

conventional methods was considered far from optimum; consequently, 

a better fabrication process was desired. 

Subsequent 

\ . n  

To eliminate the need for reforming or  repolishing the con- 

re pi it aE ing r were considered, 

extensively developed techniques for such replication involves the 

use of plastic materials, both filled and unfilled, which obtain their 

hrough the use of backi s such as glass 

reproduce surface characteristics very accurately and, with proper 

coatings, could exhibit reflectivities very nearly approaching those 

obtainable with coated glass. Unfilled plastic materials were found 

to be relatively unstable, however, and highly accurate geometries could 

not be maintained. These materials were also found to have very little 

strength in themselves and, as a consequence, proper backing structures 

were required for adequate support. Moreover, these materials may 

be subject to degradation due to ultraviolet radiation and other 

space factors. Filled plastic resins were relatively more stable, 
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i s t i c s .  

e f f e c t  t h a t  r e s u l t e d  i n  a d e f i n i t e  loss of r e f l e c t i v i t y .  

The su r faces  very of ten  developed a minute "orange pee l "  

During the  course of extensive experimental. eva lua t ion  of 

r ep i i ca t ed  p l a s t  aces , r ig id ized  by var ious means , a d e f i n i t e  

showthrough of t ing s t r u c t u r e  was experienced. Samples w e r e  

prepared both by EOS and outside vendors employing var ious types 

of honeycombs, both me ta l l i c  and nonmetall ic.  Foams of varying den- 

sities and formulations *re a l s o  evaluated.  I n  a l l  cases  where th ick-  

nesses  needed t o  produce s t ruc tu res  w i t h  reasonably low weights were 

u s e d ,  showthrough and d i s t o r t i o n  were evident .  I n  the  case of honeycomb- 

backed s t r u c t u r e s ;  this &nwthyn~gh ~ ~ p ~ ~ r e d  iz fcmL =f c h ~  egll 

s t r u c t u r e  of t he  honeycmb, and was caused by r e s i d u a l  stress and shr ink  

of the  m a t e r i a l s  used t o  bond the backing s t r u c t u r e  to the  r e f l e c t i v e  

sur face .  

def ined but  progressed w i t h  time i n  the  form of an  exaggerated and 

I n  the case  of foam backing, t he  d i s t o r t i o n  was not so c l e a r l y  

The a b i l i t y  of p l a s t i c  r e s i n s  and r e l a t e d  ma te r i a l s  t o  with- 

s tand space environment has not a t  t h i s  t i m e  been s a t i s f a c t o r i l y  demon- 

c h a r a c t e r i s t i c s  t h a t ,  i n  tu rn ,  can adversely inf luence  the geometry of 

the  s t ruc tu re .  Although being unquestionably use fu l  for smne appl ica-  

t ions,  these methods of f ab r i ca t ion  (as w a s  the  case with methods 

involving reforming of me ta l l i c  skins)  were considered t o  have se r ious  

drawbacks f o r  high-efficiency, l ong- l i f e  concentrators .  

During the course of these inves t iga t ions  the  process of 

r e p l i c a t i o n  by electroforming w a s  a l s o  evaluated. 

appeared t o  o f f e r  so lu t ions  t o  many of the important problems 

inherent  i n  o ther  methods and made poss ib le  very accura te  sur face  

This process 
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__t_.------ 

from o p t i c a l l y  ground and polished g l a s s  masters demonstrated r e f l e c t i v i t y  

c h a r a c t e r i s t i c s  e s s e n t i a l l y  i d e n t i c a l  with those of t he  master from which 

they w e r e  r ep l i ca t ed .  Moreover, i t  appeared poss ib l e  t o  achieve,  through 

f u r t h e r  development and refinement of t he  process ,  r e f l e c t i v e  f ace  sk ins  

and s t r u c t u r a l  p a r t s  t h a t  would have low i n t e r n a l  or r e s i d u a l  stress. 

A s  a r e s u l t ,  the  geometry of the  master should be reproduced accura te ly .  

I n  order t o  f u l l y  evaluate  the p o s s i b i l i t i e s  t h a t  the  e l e c t r o -  

forming process seemed t o  o f f e r ,  a number of electroformed r e f l e c t i v e  

sk ins  and s t r u c t u r e s  were produced by outs ide  vendors f o r  evaluat ion.  

F r m  these s t r u c t u r e s  the a b i l i t y  of the electroforming process  t o  pro- 

duce r e f l e c t i v e  s ~ r f n r ~ s  rnq.rr lh ln ~5 glass m i r r o r s  "26  ver i f i ed .  

Problems e x i s t e d ,  however, i n  two bas i c  areas:  (1) improvement 

and refinement of t h e  s t a t e  of the a r t  of e lectroforming w e r e  needed t o  

g a i n  g r e a t e r  con t ro l  over stress c h a r a c t e r i s t i c s  and the  phys ica l  prop- 

e r t ies  of the  electrodeposi ted material; (2) development of s p e c i f i c  de- 

signs and f a b r i c a t i o a t e  

o f f e r e d  by e l e c t r o f o  used to t h e  fu in concent ra tor  

f ab r i ca t ion .  New t re required,  al i t h  an  extremely 

high degree of process cont ro l .  

a v a i l a b l e  i n  shops where prac t ices  have been formalized €or many years .  

zfes was requi red  x . ~  arffow the advantage 
~~ 

As experience showed, these  w e r e  not  

t he  deve 

. b i  a m  electro Elefztrofo 

s tud ie s ,  coupled with advanced and novel designs and app l i ca t ions  f o r  

the electroforming technique, resu l ted  i n  the development of small-scale 

and 60-inch-diameter concentrators  having e f f i c i e n c i e s  approaching 

90 percent ,  based on the concentrat ion r a t i o s  requi red  f o r  high-temperature,  

high-performance systems such as so la r  thermionic power s y s t e m s .  The re- 

s u l t a n t  s t r u c t u r e s  proved the f e a s i b i l i t y  of f a b r i c a t i n g  s o l a r  concentra- 

t o r s  by the  electroforming process. The r e f l e c t i n g  face  sk in ,  support ing 

and r i g i d i z i n g  s t r u c t u r e ,  brackets ,  po in t s  of  attachment,  e t c . ,  could a l l  
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be  produced from one conarton mater ia l  a s  an i n t e g r a l  s t r u c t u r e  without 

t h e  need f o r  adhesives,  welds, b razes ,  o r  the  l i k e .  With proper con- 

t r o l s  over t h e  f a b r i c a t i o n  process ,  high r e f l e c t i v i t y  and accurate  

eometry could be expected. 

uding improved thermal c h a r a c t e r i s t i c s  and dimensional 

Other advantages would be 

s t a b i l i t y  i n  space environment. 

Details  of these  inves t iga t ions  and t h e  r e l a t e d  experimental 

developments are recorded i n  the f i r s t  phase t echn ica l  summary r e p o r t ,  

EOS Report 4lO-Fina1, dated 16 May 1960, and i n  the  f i n a l  r e p o r t ,  EOS 

Report 410-Final 11, dated I f  December 1960. Both of these  r e p o r t s  

were produced a s  a r e s u l t  of the  work performed under Contract 

DA-04-495-506-ORD-1790. 

In order  t o  continue the  development work undertaken i n i t i a l l y  

f o r  the  Army Ball is t ic  Missile Agency, a research  and development pro- 

gram was undertaken by EOS for t he  National Aeronautics and Space Admin- 

taken i n  a number of r e l a t ed  areas  with the  goal of developing the  neces- 

sa ry  supporting knowledge, techniques,  and r e l a t e d  equipment t o  produce 

of these  f a c t o r s  i n  r e l a t i o n  t o  actual f a b r i c a t i o n  processes  was 

i n i t i a t e d .  Areas of inves t iga t ion  included the  development of necessary 

instrumentat ion t o  determine the ex is tence  and magnitude of inherent  

stress i n  the  electroforms,  methods of determining and c o n t r o l l i n g  

v a r i a t i o n s  i n  cur ren t  dens i ty ,  e f f e c t s  of add i t ives  and contaminants 

on the  c h a r a c t e r i s t i c s  of the so lu t ion  and r e s u l t i n g  electroforms,  and 

methods of determining e f f e c t s  produced by v a r i a t i o n s  i n  a g i t a t i o n ,  

temperature,  e t c .  I n  addi t ion  t o  t h i s  main a rea  of developmental, work 
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s t r u c t u r a l  p rope r t i e s  was a l s o  evaluated and t h e  devia t ions  front n i cke l  

techniques w e r e  examined. 

t o  the  u s e  of v a i o u s  master mater ia l s ,  the  choice and use  of s e n s i t i z -  

i n g  and r e f l e c t i v e  coa t ings  f o r  nonmetall ic masters ,  and t h e i r  e f f e c t  

on p a r t i n g  of the  r e p l i c a  from the master i t s e l f .  

Inves t iga t ions  were a l s o  performed r e l a t i v e  

Master f ab r i ca t ion  techniques w e r e  inves t iga ted  for use i n  

conjunction with electroformed concentrators .  This  phase of the  program 

a l s o  included an inves t iga t ion  of s c a l i n g  problems. Master sur fac ing  

ma te r i a l s  were evaluated and tes ted  experimentally t o  determine the  r e -  

f l e c t i v i t y  and rhe 53tahLlity ef gnm.gtry t h s t  c ~ u l d  & expected.  A 

model master was developed t o  demonstrate f e a s i b i l i t y  of the  design and 

f a b r i c a t i o n  technique t h a t  would be used t o  generate  des i red  geometry 

and sur face  condi t ions.  Methods used i n  the  f a b r i c a t i o n  of the  model 

master demonstrated necessary too l ing  and equipment, f a b r i c a t i o n ,  gr ind-  

ing and pol i sh ing  processes.  A t e s t  p l a t i n g  of a r e p l i c a  was made from 

~ 

l 

I 

Conc en t ra  t o r  

compat ib i l i ty  with the electroforming process.  Designs considered i n -  

f ab r i ca t ion  was undertaken t o  determine the f e a s i b i l i t y  of employing 

p a r t i c u l a r  design concepts i n  ac tua l  production, and t o  determine the  

problem a reas  r e l a t e d  t o  too l ing ,  e lectroforming,  and o the r  p r a c t i c a l  

f ab r i ca t ion  problems. I n  conjunction with the small-scale  concentrator  

development, techniques were developed f o r  f a b r i c a t i n g  var ious  sub- 

s t r u c t u r e s  such a s  r i b s ,  s t r u t s ,  and bracke ts .  

I n  order  t o  adapt these techniques t o  concentrator  s i z e s  

t h a t  would be representa t ive  of those s i z e s  t h a t  might be employed i n  
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sca l ed  and made i n  a 60-inch-diameter s i z e  S O  t h a t  problems a s soc ia t ed  

with pa r t ing ,  handling, sur face  coa t ing ,  e t c . ,  could be  evaluated d i -  

r e c t l y .  

sec t ioned  t o  determine uniformity of p l a t i n g  and i n t e g r i t y  of s t r u c t u r e ,  

ecc.  Two a d d i t i o n a l  60-inch un i t s  made e n t i r e l y  of e lectroformed n icke l  

and represent ing  t h e  f i n a l i z e d  design and f a b r i c a t i o n  concepts were 

produced f o r  de l ive ry  t o  JPL for  f u r t h e r  eva lua t ion .  

A number of 6C!-inch u n i t s  w e r e  produced experimental ly  and 

I Although the development of techniques for producing e l e c t r o -  

formed copper having inproved physical c h a r a c t e r i s t i c s  was no t  a s  ad-  

vanced a s  fur nickel e i e L i r o t u r r u i l i g ,  a n  al l -copper  ,  oru us-rigidlzed 

60-inch diameter concentrator  was produced t o  determine the  problems 

a s soc ia t ed  with working with t h i s  ma te r i a l  i n  the  l a r g e r  s i z e s .  The 

same design concepts and too l ing  t h a t  w e r e  employed to  produce t h e  

60-inch n i cke l  concent ra tors  were used i n  production of t h e  copper u n i t .  

I 
1 

I n  order  t o  adequately evalus  t e  the concent ra tors  produced 

&r erhs o f  resting procedures was developed and- t he  

necessary strppeerting eqrtipmr?nt and te-s t i n g  techniques were established 

These included developnent of  tests t o  determine and eva lua te  both q u a l i -  

1 

, t a t i v e l y  and q u a n t i t a t i v e l y ,  i f  pos s ib l e ,  the  accuracy of geometry and 

of t he  most c r i t i c a l  a r e a s  

lg, qufprrtent 

sring af &n- . ._ 1 -  

c e n t r a t o r s .  Each concentrator  produced under the  con t r ac t  was evalu-  

a t e d  us ing  the  techniques developed. 

The f i r s t  a l l -e lectroformed n i c k e l  60-inch concent ra tor  

achieved e f f i c i e n c i e s  (with cold-wall ca lor imeter ;  c f .  Sec t .  5.5) 

ranging from 55.6 percent a t  a l /Z-inch ca lor imeter  ape ra tu re  diameter 

t o  88.3 percent a t  a 1-inch aper ture  diameter.  This  concent ra tor  under- 

went a r a t h e r  extensive shake and v i b r a t i o n  survey a t  JPL and the  re-  

s u l t a n t  information was fed back t o  produce modif icat ions and improve- 

ments i n  subsequent nodels.  The second n icke l  concent ra tor  produced e f -  

f i c i e n c i e s  t h a t  ranged from an average of 64 percent  a t  t h e  1/2-inch 
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development dur ing  t h e  course of t he  present  program. These a reas  were 

Backing s t r u c t u r e  s t u d i e s  would be  undertaken t o  e s t a b l i s h  

va r ious  concepts for backing o r  support s t r u c t u r e s  f o r  5-foot-diameter 

mir rors .  

p l i c a t i o n  t o  l a r g e r  s i z e s  of concent ra tors .  In  conjunction with t h i s ,  

small-scale experimental s t u d i e s  of support s t r u c t u r e s  were t o  5e con- 

ducted t o  include an eva lua t ion  of backing mas ters ,  support s t r u c t u r e  

and attachment methods, appl ica t ion  of t he  more promising design concepts,  

The var ious  parameters would be  analyzed re la t ive  t o  t h e i r  ap- 
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on the  c h a r a c t e r i s t i c s  of t h e  concent ra tor  r e f l e c t o r  f ace  and backing 

s t r u c t u r e .  

I n  t h e  course of t h e  experimental  development a number 

of r ep resen ta t ive  mir rors  approximately 1 7  t o  18 inches i n  diameter 

would be f ab r i ca t ed .  I n  addi t ion,  a t  l e a s t  two 5-foot-diameter mir rors  

would be f ab r i ca t ed  using nickel  e lectroforming techniques t h a t  would 

demonstrate t h e  most promising methods developed i n  t h e  smaller ex- 

perimental  s i z e s .  These mirrors ,  o r  major po r t ions  the reo f ,  would be 

sect ioned t o  eva lua te  t h e  soundness of f a b r i c a t i o n  techniques and 

u l t ima te  s t r eng th  c a p a b i l i t i e s .  

I n  add i t inn ,  t w o  5-fcot-dimeter m i r r ~ r s  -;c;r;?d bs 

f a b r i c a t e d ,  using the  n i cke l  electroforming process ,  t o  demonstrate 

t h e  most promising design and f a b r i c a t i o n  techniques.  

s p e c i a l  t o o l s  and f i x t u r e s  required f o r  f a b r i c a t i o n  of t h e  more 

advanced s t r u c t u r e s  would b e  designed and f a b r i c a t e d .  

Necessary 

These would 

wi th  more sophis t ica ted  design concepts .  

The two f inaf 60-inch n i cke l  concent ra tors  would b e  

Upon conclusion of t h e  experimental  and design phases 

of t h e  program the var ious  parameters would be  sunnnarized and recom- 

mendations made regarding backing s t r u c t u r e  des igns .  

1 . 2 . 2  P l a t ing  Techniques 

Development of p l a t i n g  techniques f o r  t h e  f a b r i c a t i o n  of elec- 

troformed n icke l  and copper mirrors and mirror  s t r u c t u r e s  would be  cont inued.  

These inves t iga t ions  would include small-scale  s t u d i e s  t o  seek an improvement 
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of techniques f o r  monitoring and determining a d d i t i v e  concent ra t ions  i n  

p l a t i n g  so lu t ions  and the  possible  use  of chromium for improvement of 

s t r u c t u r a l  and,  more p a r t i c u l a r l y ,  su r f ace  p rope r t i e s  of n i cke l  and 

copper mirrors. 

Physical t e s t i n g  of var ious  p la ted  samples would be 

accomplished and would include, i f  necessary, the  development and 

cons t ruc t ion  of spec ia l  t e s t i n g  devices t o  measure important phys ica l  

p roper t ies .  A major ob jec t ive  of t h i s  work i s  t o  increase  the  knowl- 

edge of copper-plating techniques t o  a l e v e l  approaching t h a t  of n icke l .  

A t  t he  conclusion of t h i s  developmental phase a t  l e a s t  

one 5-foot-diameter concentrator  would be f ab r i ca t ed  us ing  the  e l e c t r o -  

formed-copper techniques t h a t  would demonstrate the  nost promising design 

and f a b r i c a t i o n  concepts associated with use of t h i s  ma te r i a l .  Opt ica l  

and performance tests would be made on t h i s  mir ror  before  d e l i v e r y  t o  

JPL t i o n .  
- ._ - -_ __ -3~ m ; e m i i u i i u n  of the  program the various parameters 

a f f e c t r n g  e lec t  

and recommendations made regarding these  techniques and processes .  

of - the  various ma te r i a l s  would be  summarized 

1.2.3 Advanced Coating, S tud ie s  

Advanced coa t ing  studies m u l d  be made and would i n -  

t i v i t y ,  an  eva lua t ion  of coat ing  d u r a b i l i t y ,  inc luding  development of 

devices f o r  measuring coa t ing  adherence, i f  poss ib l e ,  and f o r  mir ror  

handl ing and cleaning.  The mechanics of coa t ing  depos i t ion  would a l s o  

be demonstrated and these techniques appl ied  t o  the  coa t ing  of the  small 

and l a rge  mi r ro r s  t o  be fabr ica ted  during the  course of t h i s  con t r ac t .  

I n  add i t ion ,  a t  t h e  conclusion of t h e  experimental  phase of t h e  program, 

recommendations concerning f a c i l i t i e s  f o r  coa t ing  l a rge  concent ra tors  

would be made. 

10 



The f i r s t  5-month period of the  program was involved with de- 

s ign  concepts and small-scale  experimental  s t u d i e s ,  a s  repor ted  i n  the  

In te r im Summary Report EOS 2100-IR-1 of 10 May 1962. Fabr i ca t ion  of t h e  

var ious  5-foot-diameter concentrators ,  cont inua t ion  of the  support ing 

s t u d i e s ,  app l i ca t ion  of the  most d e s i r a b l e  r e f l e c t i v e  and p ro tec t ive  

coa t ings ,  and t e s t i n g  of the  concentrators  were accomplished during the  

second phase of the program. 

1.4 Summary of Report  

This repor t  covers a l l  phases of work performed during the  

113-month period ending 15 October 1962 and includes i n f z z ~ ~ t i o i i  r s l a i -  

ing  to the fabricsti~c of a l l  del iverable  items except c e r t a i n  por t ions  

of f i n a l  f a b r i c a t i o n  of the  al l -copper  concent ra tor .  

eter information together  with ca lo r ime t r i c  test  r e s u l t s  on t h i s  u n i t  

The p l a t i n g  param- 

w i l l  appear i n  an addendum t o  t h i s  report. 

soon a f t e r  t he  i s su ing  da te  of t h i s  r epor t .  

It i s  expected to  be published 

e of the program, considerable  i n t e r a c t i o n  

For c l a r i t y ,  however, 
~ 

&e diff-ent a r e a s  of work. 

in t h i s  r epor t  t he  four  b a s i c  areas  of a c t i v i t y  a r e  presented sepa ra t e ly  

a s  follows: 

Sect ion 2 contains  information on the  bas i c  backing s t r u c t u r e  

8 a hackground to  the  developmental work during 

as -a= a&&--to those who are-not f a m i l i a r  d t h  t h e  eiectro- 

forming process a s  i t  is used in  t h e  f a b r i c a t i o n  of l ightweight  concen- 

t r a t o r s ,  p r i o r  e lectroforming a c t i v i t i e s  a t  EOS a r e  reviewed b r i e f l y .  

New information reported includes f a c t s  on work involving backing s t r u c -  

t u r e  engineer ing,  methods of a t tach ing  the  backing s t r u c t u r e  t o  the  

mirror  sk in ,  and f ab r i ca t ion  techniques required t o  implement the  most 

promising designs.  

a r e  discussed.  

The experimental p l a t i n g  and f a b r i c a t i o n  problems 

Sect ion 3 covers the  advanced p l a t i n g  s t u d i e s .  I ts  primary 

content  is  a presenta t ion  of physical  p rope r t i e s  da ta  der ived from the  

test programs i n  both n i cke l  and copper. 
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vanced coa t ing  s t u d i e s .  A summary conta ins  recommendations f o r  coa t ings  

t o  be considered i n  c e r t a i n  poss ib le  f u t u r e  app l i ca t ions .  A b r i e f  f a -  

c i l i t i e s  review is  a l s o  presented. 

Sect ion 5 discusses  i n  considerable  d e t a i l  t h e  making of t h e  

seve ra l  5-foot-diameter s o l a r  concentrators  de l ivered  under the  provis ions  

of t h i s  program. Fabr ica t ion  problems and so lu t ions  a r e  def ined,  t he  

making of t es t  sk ins  is explained. A l l  appl icable  parametric values  

and process ma te r i a l s  used a r e  recorded. The s e c t i o n  concludes with a 

d i scuss ion  of t he  var ious  t e s t i n g  and eva lua t ion  methods t h a t  a r e  a p p l i -  

cab le  and those s e l e c t e d  €or s p e c i f i c  use i n  t e s t i n g  concent ra tors  pro-  

duced on t h i s  program. The performance test r e s u l t s  are l i s t e d  and d i s -  

cussed i n  d e t a i l .  

1.5 Def in i t ions  

During t h e  course of t h i s  and p r i o r  programs, t h e  use of  new 

techniques,  processes ,  and designs has  necess i t a t ed  the  development of 

ve phrases, T 

1. 

- .-. 2 , 

3 .  

I ... 
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Concentrator (or  mirror) 

The r e f l e c t i n g  device used t o  concent ra te  s o l a r  r a d i a t i o n  i n t o  

The r e f l e c t i v e  f ace  of the concent ra tor .  

Backing (or r i g i d i z i n g  s t r u c t u r e )  

That p a r t  which supports and holds  t h e  r e f l e c t i v e  f ace  s k i n ,  

t o  preserve t h e  as-formed geometry of  t he  r e f l e c t i v e  f ace  sk in .  

Monocoque s t r u c t u r e  

A type of s i n g l e  s t r u c t u r e  o r  s h e l l  which forms and inc ludes  

the  r e f l e c t i v e  face  and t h e  r i g i d i z i n g  o r  backing s t r u c t u r e  as 

one u n i t .  

complete mir ror .  

This s t r u c t u r e  may be e i t h e r  a mir ror  segment o r  a 



A type of r i g i d i z i n g  s t r u c t u r e  t h a t  c o n s i s t s  of a t h in - she l l ed  

to rus  fas tened t o  the r e f l e c t i v e  sk in  on i t s  back s i d e  so as 

not t o  obscure any of t h e  r e f l e c t i v e  sur face .  It i s  fastened 

t o  the  sk in  near  or a t  the r i m .  

6 .  Original  m i r r o r  

A concave mirror  from which masters o r  r e p l i c a t i o n s  may be 

formed. 

7 .  Mirror master 

A f i x t u r e ,  normally convex, having the  required degree of s u r -  

face  q u a l i t y  and f i n i s h ,  toge ther  wi th  necessary geometrical  

accuracy, from which t h e  concentrator  f ace  sk in  may he formed 

by a r e p l i c a t i o n  process. Masters may represent  an e n t i r e  

mir ror  sur face ,  o r  a segment, o r  s ec t ion  of t h e  e n t i r e  sur face ,  

and may be fabricated sepa ra t e ly  (o r ig ina l  masters) t o  spec i -  

f i c a t i o n ,  o r  produced by r e p l i c a t i n g  ( r ep l i ca t ed  masters) the  

of  an o r i g i n a l  mirror or mirror segment. 

, i r r o r s  hrmed by the r e p l i c a t i o n  process  using electroforming 

or o ther  techniques.  

masters o r  rep l ica ted  masters. 
These can be formed e i t h e r  from o r i g i n a l  

, 
a v a r i e t y  of methods on which material 

eposi ted t o  produce a f in i shed  electroform t o  the  

predetermined and desired shape. A mir ror  master, f o r  ins tance ,  
l i s  a mandrel. 

10. Anode a r r ay  

A term used i n  electroforming r e f e r r i n g  t o  t h e  exact configura-  

I t i o n  of the  anodes, type of  materials used, and ex is tence  of 

a u x i l i a r y  provis ions ,  such as wrapping t h e  anodes f o r  i s o l a t i n g  

con t amina t ion .  
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square foot  of a r e a  being electroformed.  

va lue  i s  quoted. 

Usually an average 

12. Inherent  stress 

El ec  t ro forming t erminol ogy re f err ing t o  t he  s t res s es devel oped 

i n  the  electrodeposi ted m a t e r i e l  dur ing t h e  p l a t i n g  process .  

These stresses may be e i t h e r  t e n s i l e  o r  compressive i n  na tu re .  

13. Concentrator s p e c i f i c  weight 

The t o t a l  weight of concentrator  divided by pro jec ted  su r face  

a rea .  In  t h i s  r epor t  the s p e c i f i c  weight w i l l  be expressed i n  

pounds per  square foot .  

14. Speiiilar r e f l e i t i v i t y  

That por t ion  of the  inc ident  energy which is  r e f l e c t e d  a t  an 

angle  equal t o  t h e  angle of  incidence.  

15. Concentration e f f ic iency  

The r a t i o  of t h e  t o t a l  power ( s o l a r  r ad ia t ion )  de l ivered  t o  a 

geometry, sur face  c h a r a c t e r i s t i c s ,  and magnitude of specular 

r e f l e c t i v i t y .  

16. Concentration r a t i o  

mir ror  i s  focused. 

1 7 .  Par t ing  Layer 

A coa t ing  ( e i t h e r  vacuum o r  chemically deposi ted)  t h a t  i s  ap- 

p l i ed  t o  the  master before e lectroforming t o  f a c i l i t a t e  removal 

of the  p la ted  mirror from t h e  master. 

I S .  Sens i t i z ing  l a y e r  

A coa t ing  t h a t  i s  applied t o  any nonconductive master t o  pro- 

vide s u f f i c i e n t  conduct ivi ty  t o  commence e l ec t rodepos i t  ion .  
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layer.  

13.  Ant idi f fus ion layer 

A vacuum-deposited coat ing ,  usua l ly  s i l i c o n  monoxide, that  

i s  used to prevent substrate material  from d i f f u s i n g  through 

upper coating layers (such a s  the r e f l e c t i v e  l a y e r ) .  

20,  Rim angle 

The angle between the o p t i c a l  a x i s  of the mirror and the 

rim of the mirror a s  projected from the f o c a l  po in t .  
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I 2. BACKING SlPRUCTURE STUDIES 

I 2.1 Background 
, 

There is  very l i t t l e  engineering information a v a i l a b l e  t h a t  

i s  appl icable  t o  backing t h e  extremely t h i n  me ta l l i c  s k i n s  requi red  

f o r  s o l a r  concentrator r e f l e c t o r  f aces  i n  a manner t h a t  produces no 

showthrough o r  o p t i c a l  d i s t o r t i o n .  A cons iderable  amount of survey 

and experimental eva lua t ion  has been conducted i n  t h e  pas t  t o  determine 

t h e  b e s t  poss ib l e  methods for finch h a c k h g  or  rigidizing. 

High q u a l i t y  s o l a r  concent ra tors  are requi red  t o  withstand 

bo th  t h e  launch and space environment and t o  have no de t r imen ta l  

thermoelastic c h a r a c t e r i s t i c s ,  and y e t  t o  b e  l ightweight and reason- 

ab ly  immune from s torage  and p r e f l i g h t  s t e r i l i z a t i o n  degradation. They 

t d n  a h i g h a e g r e e  of specular r e f l e c t i v i t y  throughout 

ona l  l i f e ,  which, i n  soate i p p l i c a t i o n s  be ing  planned et t& 

y be on t h e  order of two or  t h r e e  years. 

Constructural  concepts assoc ia ted  with t h e  above ope ra t iona l  

c h a r a c t e r i s t i c s  have been exhaustively contemplated and, t h e  f i r s t  

approach, t h e  monocoque s t r u c t u r a l  concept evolved. 

monocoque des i  inspifed by the p r u b l a  ‘tny s m s  input 

t o  t h e  r e f l e c t  

The s impl i c i ty  of t h e  monocoque concept a l s o  r e l i eved  t h e  backing s t r u c -  

t u r e  master complexity. 

P r i n c i p a l l y  the 

n i s  a source of degradat ion t o  t h e  e n t i r e  sys t em.  

The b a s i c  concept of a monocoque s t r u c t u r e  i s  j o i n i n g  one 

or more s t r u c t u r a l  elements of e n t i r e l y  double-curved s h e e t s  toge ther  

a t ,  as  near ly  a s  poss ib l e ,  r i g h t  angle junc t ions .  In o t h e r  words, t h e  

double-curved shee t s  mutually r e in fo rce  each o ther  a t  t h e i r  envelope 

termini .  An exception t o  t h e  general r u l e  is  a t  l i gh ten ing  ho le s  i n  

the  double-curved skins .  I n  t h a t  c a s e ,  t he  curva ture  of t he  sk in  i s  

increased so t h a t  t h e  double-curved s h e e t ,  i n  i t s e l f ,  i s  a s t i f f e n e d  

member. 
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t h a t  per iod many types of configurat ions had been f ab r i ca t ed  and t e s t e d ,  

on a t  l e a s t  small-scale mirrors. I n f l a t a b l e s ,  r i g i d i z e d  i n f l a t a b l e s ,  

p l a s t i c  backed, both p l a s t i c  and m e t a l l i c  honeycomb u n i t s ,  welded me-  

t a l l i c  truss-supported s t ruc tu res  and foam-backed r e p l i c a s  i n  both  metal 

and p l a s t i c  a l l  had been t r i e d  with var ious  degrees of success .  

major i ty  of them did not  approach the monocoque r e p l i c a t i o n  accuracy or 

s t r u c t u r a l  s t i f f n e s s  when taking i n t o  account t he  equivalent  weight. 

The 

Since the cur ren t  program had a s  i t s  ob jec t ive  the  development 

of a l l -e lectroformed s t r u c t u r e s  t h a t  do not incorpora te  welds, adhesives,  

o r  o the r  such jo in ing  techniques,  the  types of backings ts be Cor;sldeied 

w e r e  further fimiced to those ihat can be  produced by electroforming o r  

by a compatible process ,  a f t e r  which attachment t o  t h e  r e f l e c t i v e  sk in  

could be accomplished by electroforming. 

In  the months immediately preceding t h i s  program, inc reas ing  

a t t e n t i o n  had been given t o  the torus-type s t r u c t u r e  f o r  r i g i d i z i n g  

+t wa& apparent t h a t  the t o r u s ,  wi th  i ts  high 

r a t i o ,  possessed a shape p a r t i c u l a r l y  s u i t e d  to 
- 

d i r e c t  e lectroforming a s  a method of j o in ing  t h e  s t r u c t u r e .  

acceptable  representa t ive  d i r r o r s  w e r e  produced with t h e  to rus  

r i g i d i z i n g  s t r u c t u r e  mounted on the f r o n t  f ace  of t he  r e f l e c t i n g  sk in ,  

as shown in Fig .  1. In t h e i r  s i z e  range,  ( 2 0  f t  reflective area)  t hese  

un i t s  w e r e  the lightest hi& performance solar concent ra tors  produced 

Several  

2 

t o  da t e .  They possessed e f f i c i e n c i e s  exceeding 85 percent  with a 

weight of less than 19 pounds. 

A ques t ion  arose, however, i n  regard  t o  the r a t i o  of ou t s ide  

diameter t o  r e f l e c t i v e  sur face  diameter. 

when a front-mounted torus  was used. 

load s t ages  of present  launch vehic les  is s u f f i c i e n t l y  c r i t i c a l  to  

n e c e s s i t a t e  a reduct ion i n  outs ide diameter.  Such a reduct ion  should 

be  achieved without lowering t h e  r i g i d i z i n g  e f f i c i e n c y  of the  f r o n t  

torus s t r u c t u r e .  The new design should not i n t e r f e r e  with the  f r o n t  

face  which should have a r e f l e c t i v e  su r face  c lose  t o  60 inches i n  

diameter on a 60-inch o v e r a l l  diameter concent ra tor .  
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Techniques t h a t  appear appl icable  are mos t  e a s i l y  demonstrated 

i n  medium-sized samples i n  the  2- t o  3-foot-diameter range and can be  

f u l l y  evaluated i n  l a rge r  units, such a s  5-foot-diameter concent ra tors .  

These s i z e s  permit the appl ica t ion  of f a b r i c a t i o n  and jo in ing  techniques 

t h a t  cannot be performed on extremely s m a l l  sanples. 

v a t u r e ,  a ratio of sk in  thickness- to- total-diameter  can a c t u a l l y  be  

v a r i e d ,  and from t h i s  v a r i a t i o n  information can b e  obtained t h a t  w i l l  

be useful f o r  s c a l i n g  to s t i l l  la rger  s i z e s .  

r e l a t e d  t o  backing s t r u c t u r e s  during the  course of t h i s  program was con- 

cerned with 5-foot-diameter s i z e s ,  although o the r  v a r i a t i o n s  or novel 

approaches w e r e  inves t iga ted  experimentally on a s m a l l  scale. 

c a t i o n  of the  r e s u l t a n t  techniques t o  concent ra tors  l a r g e r  than 5 f e e t  

In a given cur- 

The main a rea  of a c t i v i t y  

The appl i -  

i n  diameter w a s  a l s o  examined. 

Preliminary s tud ie s  had shown t h a t  t h e  r i m ,  or ou t s ide  sup- 

p o r t ,  i s  considerably more des i rab le  than center  support for a number 

Canpadsons indicate that maximum support and r i g i d i t y  ~ 

S t r u c t u r a l  weight when pe r iphe ra l  support  

f s t r u c t u r a l  techniques and designs of  

~~ ~~ ~ ~ 

~~ 

concent ra tors  should n o t ,  and cannot, ignore the  f a c t  t h a t  i n  appl ica-  

t i o n  an absorber,  cav i ty ,  o r  device of sane sort, w i l l  be pos i t ioned  and 

supported a t  t h e  foca 

s t prov ide a c t  ur a t e 

within a very few tho 

ne .  For high performance systems t h e  support  

rb_er 0 Y 

Absorber supports that a r e  posi t ioned from the center of 

t h e  concentrator w i l l  necessar i ly  i n t e r c e p t  t he  r e f l e c t e d  solar f l u x  

between the  mirror  and the  absorber. In  t h i s  pos i t i on  t h e  converging 

cone of l i g h t  is  extremely concentrated as compared t o  t h e  s o l a r  f l u x  
f a l l i n g  on the  m i r r o r  surface.  

through obscuration of t he  s t r u t s  o r  absorber supports  is  f a r  g rea t e r  

per u n i t  area than t h a t  which would be l o s t  due t o  the  same obscur i ty  

i n  the  unconcent ra ted*s ta te .  

necessary absorber supports to  allow s u f f i c i e n t  minimization of  

The t o t a l  amount of energy l o s t  

It appears d i f f i c u l t  t o  design t h e  
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s t r eng th  required f o r  adequate mounting, 

In  comparison with this condi t ion,  c o l l e c t o r  o r  cav i ty  sup- 

por t  by a t r ipod  or  s i m i l a r  design t h a t  i s  a t tached  to the  periphery 

or rim of the  concentrator  provides maximum accuracy and s t r u c t u r a l  

support  for the  absorber a t  the f o c a l  p o i n t .  Such supports  a l s o  provide 

minimum poss ib le  obscurat ion s ince they i n t e r c e p t  t h e  s o l a r  f l u x  p r i o r  t o  

concentrat ion.  Pos i t ion ing  of t he  absorber supports  a t  t he  periphery 

o r  r F m  necess i t a t e s  t h a t  t h i s  port ion of t h e  concentrator  be s t r u c t u r a l l y  

sound and s t a b l e .  

-*en a per iphera l ly  supported concentrator  design is mplnyerl 

i n  which the  po in t s  of attachment t o  the  veh ic l e  or t h e  mounts a r e  
I 
I 
I a t  t h e  r i m ,  p re ferab ly  i n  t h e  same loca t ion  as the  absorber supports 

( a s  demonstrated i n  p r i o r  concentrators  produced by EOS) , maximum 
s t a b i l i t y  and support  are gained without the need f o r  the remainder of 

t h e  concentraror  s t r u c t u r e  to support any more than its own-weight. ~ 

€ C i s  ObuFiotls tkaeif t h e  concentrator was center  supported by t h e  

v e h i c l e  and t h e - e r e  des i r ab le  rim-mounted absorber s u p p o r t  method 

I 
- ~ ~- ~ 

- -  ~ 

~ 

I -  
~ ~ 

- 

was used, the  load would have to be t r ans fe r r ed  from the  r i m  t o  t h e  

cen te r  of the  mirror by r e l a t i v e l y  heavy s t r u c t u r a l  members. This 

p tab le ,  would be considerahty heavier 

incorporat ing mounting po in t s  for both vehic le  attachment and absorber 

support  s t r u c t u r e s  appears t o  be  most d e s i r a b l e .  

2.3 Small-Scale Experimental Studies  

A number of small-scale experimental s t u d i e s  w e r e  c a r r i e d  

on during the  f i r s t  5-month period of the program. Experimental work 

employed 18-inch-diameter g lass  convex masters t h a t  had approximately 

the  same foca l  length-to-diameter r e l a t i o n s h i p  as the  5-foot  concentra- 

t o r s  t o  be produced l a t e r  i n  the program. 

- -  
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A v a r i e t y  of backing concepts were considered during 

the  early s tages  of t he  program f o r  backing o r  r i g i d i z i n g  electroformed 

f ace  sk ins .  As previously mentioned, the  center  supported conf igura t ions  

w e r e  discarded because of t h e i r  inherent l imi t a t ions .  This el iminated 

t h e  concept of t h e  f u l l y  enclosed monocoque-type s t r u c t u r e  f o r  one-piece 

mir rors .  A n  important ob jec t ive  of the  present  program has been t o  

provide backing and support s t ruc tu res  i n  a conf igura t ion  t h a t  w i l l  

provide m a x i m u m  usable  r e f l e c t i v e  sur face  of t he  mir ror .  

Since t h e  complete monocoque was e l imina ted ,  i t  

appeared t h a t  rear-mounted va r i a t ions  of the to rus  o r  modified monocoque- 

QTpe ccafig2ration wn=lrl_ be czp&le  of prcT?idi.rg np_cessary s t r ~ ~ ~ l ~ r a l  

r i g i d i t y  and po in t s  of attachment. 

and applied experimentally on a small s ca l e .  Since the  t o r u s  technique 

w a s  chosen for evalua t ion ,  f u l l  area backing masters as such w e r e  no t  

requi red .  

tion of the rotus t o  _the rear o f - the  concentrator  r e f l e c t i v e  sk in  i n  

a c t u a l  f a b r i c a t i o n  of the  5-foot-diameter concent ra tors  are reviewed 

separa te ly .  ( c f .  Section 2.4) 

A number of v a r i a t i o n s  w e r e  considered 

Special  t oo l ing  and mandrels that w e r e  requi red  f o r  appl ica-  

2 .3 .2  Support Structure  Attachment Methods 

Various methods of a t tach ing  t h e  rear-mounted to rus  

t u  the ref leecur-face sk in  were considered. A number of v a r i a t i o n s  

e but  

t h e  electroforming process are shown i n  F ig .  2 .  Among t h e  proven 

attachment methods, an encapsulation lock provided by the  chain o r  

w i r e  technique, and secondary p l a t ing  using the  electroformed 

r i v e t i n g  technique, appear t o  be t h e  most promising. I n  app l i ca t ion ,  

the  convex master i s  modified a t  t he  r i m  i n  accordance wi th  the  method 

chosen, and t h e  r e f l ec t ive - f ace  skin electroformed with t h e  neces- 

s a ry  r i m  o r  encapsulation locking devices .  The t o r u s ,  which f o r  exper i -  

mental purposes is merely a formed tube,  i s  pos i t ioned  i n  back of the  

r e f l ec t ive - f ace  sk in  and the  necessary mandrels f o r  attachment a r e  
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then accomplished, which provides structural attachment and bonding of 

the torus to the reflective-face skin. 

2 . 3 . 3  Evaluation of Various Concepts - Experimental Fabrication 
A nuder of experimental fabrications were accomplished 

using on 18-inch-diameter glass master. Although the basic techniques 

had been demonstrated before, a number of minor problems existed relative 

to their use. If secondary plating was to be used, provisions for con- 
trolling differences in thermal expansion between the glass master and 

the electroformed parts had to be made. 

reieniion or' the mirror skin on the master during its formation, through 

removal from the plating tank, and during the stages of secondary 

preparation for attachment of the rigidizing members. 

be accurately controlled and special provisions made to prevent leakage 

This was necessary for the 

Stresses had to 

e of the plating solution between the reflective face and 

during subsequent plating operations. Anode positioning, 

techniques, d cuncrol of the various parameters associated 

fectroforming re required 

special tooling necessary to produce the configurations. 

Figure 3 shows an 18-inch-diameter mirror skin with 

chain attached and illustrates one of the methods with which secondary 

encapsulation or lock-on of the secondary parts. 

close-up of the torus attachment method. 

Figure 5 shows a 

Although the encapsulation method that uses the chain 

or  wire locking techniques provides very strong mechanical attachment 

for secondary structures, certain problems exist relative to the applica- 

tion of the technique, particularly f o r  larger concentrators. 

chain or locking device must be in contact with the master at all 

points or the electroformed bond may not be structurally sound. 

tion is sometimes difficult and stress concentrations result from the 

The 

Agita- 
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FIG. 3 18-INCH-DIAMETER MIRROR SKIN WITH CHAIN ATTACHED 

FIG. 4 CLOSE-UP OF CHAIN LOCK DETAIL 
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t o  t he  lock-on on the  back of t h e  mirror sk in  i t s e l f  is the  formation 

a t  t h e  ou te r  edge of the r e f l e c t i v e  sk in  of a reverse- ro l led  edge o r  

r i m ,  In t h i s  technique, an edge form i s  at tached t o  the  master and 

provides a m a s t e r  extension,  so t he  formation of the  r e f l e c t i v e  sk in  

r e s u l t s  i n  a r i m  extending t o  the  r e a r  of t h e  mirror .  

the master f o r  t h i s  edge-bond method i s  shown i n  F ig .  6 .  
t i o n  i s  p a r t i c u l a r l y  des i r ab le  s i n c e ,  because of t he  too l ing  requi red ,  

a s e a l  is  formed a t  the  edge of t he  r e f l e c t i v e  sk in  t h a t  he lps  t o  

prevent entrance of p l a t i n g  so lu t ion  during subsequent opera t ions .  

Preparat ion of 

The configura- 

On a l l  the  techniques mentioned, ~ l a t i z g  sa5 done using 

the  inverse rotatFng fixture and anode arrangement shown i n  F igs .  7 

and 8. 

rear of the  mirror  and necessary f i l l e t i n g  or a u x i l i a r y  mandrels w e r e  

prepared for t h e  subsequent growth of t h e  s t r u c t u r a l  element t h a t  

locked the t o r u s  t o  the  r e f l e c t i v e  sk in .  Preparat ion of the  small- 

scale sample d q n s t r a t i n g  attachwmt of t h e  t o r u s  i s  shown i n  Fig.  9. 
I n  the  experimental s t u d i e s  t h e  second technique, t h a t  of providing an 

edge band on the  r e f l e c t i v e  face so t h a t  a l l  attachments can be made on 

a reas  not a f f e c t i n g  t h e  f i g u r e  o r  sur face  of t he  mi r ro r ,  was most 

successfu l .  Figure 10 shows an 18-inch-diameter mirror r i g i d i z e d  

wi th  rear-mounted to rus  in which t h e  lack of edge r o l l  i s  evident 

f r o m  the  r e f l e c t e d  ianages in the pfcture. 

evident  around t h e  edge of t he  mirror  w a s  corrected,and a number of 

tes t  sk ins  have been produced i n  which no leakage occurred and a 

s t r u c t u r a l l y  sound edge band was achieved. 

After  formation of the  s k i n ,  the  to rus  was pos i t ioned  t o  t h e  

~~ - 

The s t a i n i n g  that  was 

The values  of the  p l a t i n g  parameters of ba th  temperature,  

cur ren t  dens i ty  and a g i t a t i o n  used on the  r ep resen ta t ive  small mirrors  

a r e  presented i n  Table I. 

2.3.4 Effec t s  of P l a t i n g  S t resses  

The present  knowledge of the  electroforming processes 

and con t ro l s  t h a t  a r e  ava i l ab le  make i t  poss ib le  t o  accura te ly  con t ro l  
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FIG. 6 

2100-Final 

PREPARATION OF MASTER FOR EDGE-BOND METHOD 
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PIG.  7 INVERSE ROTATING ASSEMBLY AND ANODE 
ARRAY WITH 18-INCH-DIAMETER MIRROR 
MASTER IN PLACE 

FIG-  8 MVERSE ROTATING ASSEMBLY AND ANODE 
ARRAY USED FOR SMAU-SCALE MIRROR 
PLATING 

27 



I FIG. 9 PREPARATION FOR A T T A C W N T  OF TORUS 

2100-Final 

. 

FIG. IO 18- INCH -DIAMETER MIRROR R I G I D I Z E D  WITH 
REAR-MOUNTED TORUS SHOWING LACK OF 
EDGE ROLL 

28 
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stresses can be con t ro l l ed  t o  produce e i t h e r  t e n s i l e  o r  compressive 

stress i n  t h e  r e s u l t a n t  electroforms and, i n  some ins t ances ,  t hese  

e f f e c t s  can be used t o  advantage during t h e  f a b r i c a t i o n  of t he  var ious  

components. It has been e s t ab l i shed  experimentally t h a t  t h e  h ighes t  

accuracy of geometry of r e f l e c t i v e - f a c e  sk ins  i s  obtained when a near  

zero  inherent s t r e s s  condi t ion  is achieved during p l a t i n g .  This r e su l t s  

i n  a p a r t  t h a t  has l i t t l e  o r  no tendency t o  dev ia t e  from t h e  geometry 

of t h e  master; a s l i g h t l y  t e n s i l e  bu t  near z e r o - s t r e s s  condi t ion  prevents 

leakage of so lu t ion  between master and r e f l e c t i v e  sk in .  Such leakage 

o f t e n  results i n  staini~g, blushing, or  other degradat ion of E:he  r e -  

f l e c t i v e  surtace if stresses a r e  not c a r e f u l l y  con t ro l l ed .  Unfortunately,  

when low o r  zero stress i s  achieved during t h e  formation of t h e  r e f l e c t i v e  

s k i n ,  p a r t i n g  from the master i s  more d i f f i c u l t  s ince  t h e r e  i s  no ten-  

dency of t h e  mirror skin t o  p a r t  i t s e l f  due t o  i n t e r n a l  stress condi t ions .  

For highly accura te  concent ra tors ,  however, it appears imperative t h a t  

itear =ere-stress condi t ions  be achieved during t h e  formation of t he  

r e f l e c t i v e  f a c e  i t s e f f .  

Tens i le  o r  compressive s t r e s s e s  a r e  i n t e n t i o n a l l y  

used i n  some instances where jo in ing  o r  attachment encapsulation can 

be improved by t h e i r  use .  When internal-electroformed r i v e t s  a r e  fo rmed ,  

€or i n s t ance ,  low-current-density condi t ions  t h a t  e x i s t  wi th in  t h e  

h o l e  in trhe mmdr 

t h e  electroformed r i v e t  material i n  t h e  ho le ,  t i gh ten ing  t h e  lock t o  

a g r e a t e r  degree than could be achieved by o the r  condi t ions .  

, o r  p a r t ,  produce a c h a r a c t e r i s t i c  t h a t  expands 

When 

a t o r u s  o r  p a r t  is encapsulated from t h e  o u t s i d e ,  t e n s i l e  s t r e s s e s  i n  

t h e  electroformed depos i t  can increase  the  encapsulat ion bond beyond 

t h e  l e v e l  t h a t  could be achieved through z e r o - s t r e s s  p l a t i n g .  

I f  small hea t - t r ans fe r  o r  thermal-conduct ivi ty  v a r i a -  

t i o n s  a re  expected i n  d i f f e r e n t  por t ions  of a s t r u c t u r e ,  some compen- 

s a t i o n  can be achieved during formation of t h e  va r ious  p a r t s  by 

balancing t h e  r e s u l t a n t  thermal s t r e s s e s  aga ins t  t h e  inherent  o r  

p l a t ed - in  s t r e s s e s .  
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u t i l i z e  the  var ious conditions t h a t  can be achieved through the  use of 

cont ro l led  electroforming techniques.  Present  knowledge of t he  con- 

t r o l s  poss ib l e  has provided a b a s i s  fo r  c e r t a i n  design concepts ,  and 
I i t  is evident  t h a t  as more knowledge is gained,maximum advantage can be 
I 

taken t o  produce concentrators  of t h e  lowest poss ib l e  s p e c i f i c  weight 

cons is ten t  with design o r  environmental requirements.  

Eight small-scale  mir rors  were fabr ica ted .  The back- 

mounted to rus  configurat ion with an e s s e n t i a l l y  c y l i n d r i c a l  f lange 

jo in ing  the  to rus  t o  t h e  skin i n  a secondary p l a t i n g  appeared the  most 

promising. The s p e c i f i c  weight of t h e  mirror w a s  t h e  lowest observed, 

edge r o l l  d i s t o r t i o n  w a s  confined t o  the extreme edge, which l e f t  

almost t he  e n t i r e  f r o n t a l  area of t h e  concentrator  with an accura te  

r e f l e c t i v e  sur face ,  and the  techniques developed seemed f e a s i b l e  f o r  

d i r e c t  app l i ca t ion  to  the 5-foot-diameter experiments t o  follow. 

- ~ L4--&ve- d Specid EquipreeRt 

It w 

too l ing  and f i x t u r e s  w e r e  required t o  produce some of t h e  components 

I of the  l a rge r  s i z e  concentrators i n  a p r a c t i c a l  and uniform manner. 

E a r l i e r  shake and v ib ra t ion  t e s t s ,  accompanied by sec t ion ing  and 

f o r  s t r u c t u r a l  s t a b i l i t y .  Small-scale s t u d i e s  showed t h a t  t h e  re- 

qui red  uniformity and cont ro l  of thickness  could be achieved by r o t a t i n g  

the  master i n  r e l a t i o n  t o  the anodes during formation of t h e  r e f l e c t i v e  

sk in .  

Agitat ion is improved uniformly over t h e  sk in  sur face .  

I 

~ 

l 

The process of r o t a t i o n  a l s o  provides o ther  d e s i r a b l e  e f f e c t s .  

i s  nounted hor i zon ta l ly ,  wi th  the mirror sur face  of t h e  master fac ing  

When the  p a r t  

downward, the  r e s u l t a n t  p a r t  i s  e n t i r e l y  f r e e  from inc lus ions ,  which 

a re  present  when the  p a r t  is formed f ace  up i n  a s t a t iona ry  pos i t i on .  
I 
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be  designed and f ab r i ca t ed .  Basic designs for t he  r o t a t i n g  equipment 

are shown i n  F igs .  11 through 15. Figure 11 shows the  main r o t a t i o n a l  

assembly t h a t  includes the  c e n t r a l  sp indle  made in a tubular  fashion 

so that, i f  necessary,  p l a t i n g  so lu t ion  can be  pumped through the  

sp ind le  during operat ion t o  provide add i t iona l  a g i t a t i o n  a t  po in t s  where 

required.  The comnutator assembly ( including s l i p  r i n g s ,  brushes, e t c  .) 

is  a separa te  u n i t  underneath the  sp ind le  assembly. 

two i s o l a t e d  c i r c u i t s  so t h a t ,  i n  addi t ion  t o  supplying cathode power t o  

t h e  master ,  aux i l i a ry  anodes can be placed where required on the  r o t a t i n g  

assembly and powered by t h i s  contac tor .  

This u n i t  provides 

For copper p l a t i n g  where h igh  

cu r ren t  is r e q u i r e d  the  two s l i p  r i n g s  and brush assemblies can be 

run i n  p a r a l l e l ,  providing current-carrying capac i t ie  s over 2000 amperes. 

A master-holding f i x t u r e  a t t aches  d i r e c t l y  t o  the  lower f lange  

of t h e  comrtutator a s s d l y .  Figure 12 shows a d e t a i l  of t h e  r o t a t o r  and 

sp ind le  housing assembly. 

r o t a t i n g  f&c&e, which is e s s e n t i a l l y  a t r u s s  sec t ion  on which is 

mounted a r e v e s i b l e  motor and Speed reduEtion unit. 

t he  support f i x t u r e  extensions tha t  a r e  used t o  adapt t he  un i t  t o  the  

12- by 12-foot p l a t i n g  tank ,  which would be used i f  masters l a r g e r  

Figure 13 shows the support  assembly f o r  t he  
~ ~~ 

~ ~~ - -  ~ ~~ ~ 

Figure 14 sho 

r o t a t e d .  Figure 15 sho the  completed 

l y  is  shown i n  use i n  F 

gned and f ab r i ca t ed  t o  serve as  a 

v e r s a t i l e  mirror handling support .  Problems have been experienced 

i n  the  pas t  r e l a t i v e  t o  supporting o r  holding the  f in i shed  concen- 

t r a t o r  i n  the  var ious pos i t i ons  required for processing o r  f a b r i c a t i o n  

i n  such a manner t h a t  p o s s i b l i t i e s  of damage would be minimized. This 

f i x t u r e  is capable of handling and holding t h e  mirror  i n  a l l  pos i t i ons  

from hor izonta l  t o  v e r t i c a l  (or s l i g h t l y  pas t  v e r t i c a l ,  f o r  c leaning  

opera t ions) .  

can be r o t a t e d  t o ,  and locked i n ,  any des i red  p o s i t i o n .  

The center  sha f t  i s  mounted i n  a bear ing so t he  p a r t  

The design 
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FIG. 15 ROTATOR ASSEMBLY AND EXTENSIONS 
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r equ i r ed  f o r  wax removal or other c leaning  processes ,  t he  power u n i t  

may be  added a t  a later d a t e .  Figure 1 7  shows t h e  b a s i c  swivel f i x t u r e  

and assembly. 

s h a f t  of which i s  wun ted  a support assembly hold ing  a 5-foot-diameter 

concent ra tor  i n  a t i l t e d  pos i t i on .  This f i x t u r e  is capable  of holding 

and handl ing l ightweight mirrors up t o  10 f e e t  i n  diameter.  

Figure 18 shows t h e  completed handl ing f i x t u r e  on the 

A cons iderable  number of a d d i t i o n a l  f i x t u r e s  and s p e c i a l  

devices were requi red  during the  va r ious  s t ages  of p repa ra t ion  f o r  

e lectroforming t h e  5-foot-diameter concen t r a to r s ,  using r o t a t i o n a l  tech-  

n iques .  A master holding f i x t u r e  was designed f o r  t h e  r o t a t i o n a l  equip- 

ment (Fig.  16).  Of all-aluminum,welded cons t ruc t ion ,  t h e  main frame of 

t h i s  f i x t u r e  w a s  designed t o  absorb s t a t i c  loads  imposed by t h e  weight 

of t h e  g l a s s  master in  a l l  a t t i t u d e s  and a l s o  t h e  a c c e l e r a t i o n s  r e s u l t i n g  

from s t a r t i n g  and stopping t h e  motor d r i v e  on t h e  r o t a t i o n  assembly. 

s p e c i a l  aluminum r i n g  w a s  developed f o r  t h e  r i m  of t h e  master. The r i n g  

is pot ted  onto t h e  master with s e a l i n g  compound, and i t s  threaded s t u d s  

a f fo rd  adjustments between t h e  two s t r u c t u r e s  f o r  alignment of t he  r l m  

p lane  of the g l a s s  master p r io r  t o  p l a t i n g .  

A 

P l a t i n g  and cleaning tanks  i n  t h e  l a b o r a t o r i e s  w e r e  modified 

as requi red  f o r  t h e  new equipment. Figure 16 shows a s e t  of b racke t s  

prepared f o r  i n g  t h e  e n t i r  o t a t i o n  assembly i n  va r ious  a t t i t u d e s  

convenient f o r  c leaning ,  applying s e n s i t i z i n g  materials and p a r t i n g  t h e  

completed concent ra tors  form t h e  master. Various masking and daaming 

devices w e r e  f ab r i ca t ed  f o r  use i n  t h e  p repa ra t ion  s t ages  of work. 

Unique anode a r r ays  were produced i n  success ive  s t a g e s  during 

t h e  experimental p l a t i n g ,  both f o r  the n i c k e l  and copper concen t r a to r s .  

One arrangement of anodes, t h e  a r r ay  used i n  t h e  p l a t i n g  of 60-POM3: R12 

( t h e  skin of t he  second n icke l  concen t r a to r ) ,  i s  shown i n  Fig.  19.  An 

a u x i l i a r y  anode attachment was developed as  i l l u s t r a t e d  i n  Fig. 20 .  It 

incorpora tes  a t i t an ium s t r i p  c lose ly  contoured t o  t h e  r i m  groove a rea  

of t h e  mirror sk in  i n  which it  operated f o r  the purpose of augmenting 

the  throwing power or t he  main anode a r r a y .  
I 
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FIG. 18 SWIVEL F m E  - MIRROR HANDLING EQUIPMENT 
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3. DEVELOPMENT OF PLATING TECHNIQUES 

A key f a c t o r  i n  t h e  successful  f a b r i c a t i o n  of e f f i c i e n t  concen- 

t r a t o r s  by electroforming techniques is  an understanding of, and the  

a b i l i t y  t o  cont ro l ,  t he  var ious parameters a s soc ia t ed  wi th  the  e l e c t r o -  

forming process.  

3 .1  Small-Scale S tudies  

Small-scale p l a t i n g  s tudies  were i n i t i a t e d  a t  t he  beginning 

of the prcgrm mr! c o ~ t h u e d  throughout t h e  f i r s t  e i g h t  months of work to  

o b t a i n  a s  much information as poss ib ie  about c’ne var ious  paimeters 

a f f e c t i n g  o r  c o n t r o l l i n g  the  electroforming processes .  To i s o l a t e  

t h e  more b a s i c  research  from the appl ied p l a t i n g  techniques,  a sepa ra t e  

c l ean  room and a n a l y t i c a l  laboratory were es t ab l i shed  ad jacent  t o  the  

production p l a t i n g  operat ion.  Figure 21 shows a por t ion  of t h i s  re- 

ing  and ana lys i s  laboratory.  

3 . 1 . 1  Solut ion Analysis and Controls  

In  addi t ion  t o  t h e  techniques previously r epor t ed ,  

more de t a i l ed  a n a l y t i c a l  procedures were es tab l iShed ,  and t h e  p l a t i n g  

so lu t ions  w e r e  cons tan t ly  monitored t o  provide g r e a t e r  cont ro l  over t h e  

oforming techniques and r e l a t e d  parameters 

and bath requirements are now more f i rmly e s t ab l i shed .  

were d e f i n i t i z e d ,  and the  experimental baths  were analyzed on a r egu la r  

b a s i s .  I n  addi t ion  t o  s t r e s s  tests, which were made p e r i o d i c a l l y  a t  

var ious  ba th  temperatures,  analyses were made fOK s u l f a t e ,  b o r i c  a c i d ,  

ch lo r ide ,  and t o t a l  n icke l  content .  Var ia t ions  i n  the  techniques produced 

changes i n  the method of ana lys i s ,  which i n  tu rn  r e s u l t e d  i n  a g rea t e r  

degree of accuracy and reduct ion i n  requi red  ana lys i s  t i m e .  It i s  

Procedures 

f e l t  t h a t  t h i s  i s  an important f a c t o r ,  s ince  p r i o r  t o  and during the  
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physical  p rope r t i e s  a r e  t o  be  c lose ly  con t ro l l ed .  

a n a l y t i c a l  processes f o r  both n i c k 1  sulfamate and copper su lpha te  so lu-  

t i o n s  f o r  both the  prepara t ion  of a new bath and f o r  maintenance of an 

De ta i l s  of the  cu r ren t  

e x i s t i n g  one a r e  descr ibed below. 

3.1.1.1 New Bath 

Bas ica l ly ,  the  B a r r e t t  n i c k e l  sulfamate proce- 

dure is  used. The double n icke l  concent ra te  (Barrett Co.), which has been 

buffered t o  an approximate pH of 4.0, i s  procured. 

procedure is  followed i n  the  makeup of t he  new ba th .  The s o l u t i o n  i s  

always made up i n  a t r a n s f e r  tank, so a s  no t  t o  sub jec t  t he  p l a t i n g  

tank K O  t he  concaminants c ’nacusua i iyexis t  i n  commerciai gracie chemicais.  

The following 

1. 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

D i s t i l l e d  water i s  placed i n  the  tank i n  t h e  amount of 

approximately one-third t h e  ca l cu la t ed  volume of the so lu t ion .  

Double n i c k e l  concentrate  is  added t o  the d i s t i l l e d  water, 

which b r ings  the volume of t he  so lu t ion  to  approximately 

three- fonr ths  of t h e  des i red  so lu t ion  level. 

Heaters  are i n s t a l l e d  and the  temperature r a i s e d  t o  approxi- 

mately 148F. 
Boric  ac id  content i s  ad jus ted  wi th in  the  range of 4.0 t o  

4.5 oz/ga l .  

The pH factor is  adjusted upward with sulfamic a c i d .  

The concentrat ion of  ch lor ide  ions, which a r e  always present  

i n  the  n i cke l  concentrate ,  i s  checked. (Approximate content  

0.6 oz/gal.)  

The s o l u t i o n  i s  brought t o  the  des i r ed  level wi th  the  add i t ion  

of more d i s t i l l e d  water.  

P u r i f i c a t i o n  of the  bath proceeds a s  follows: 

a .  Five pounds of carbon powder (Darco Co.) per  

100 gal lons of so lu t ion  a r e  added, 

Using a t  l e a s t  2 impel lers  t h a t  w i l l  g ive  adequate c i r c u -  

l a t i o n ,  thoroughly m i x  the  carbon i n t o  the  s o l u t i o n  f o r  

4 hours a t  140°F. 

b.  
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f l o c k  is  s i f t e d  a top  the  s o l u t i o n ,  and the  f loccu len t  

material s e t t l e s  t h e  carbon t o  t h e  bottom of the tank .  

d .  The s o l u t i o n  i s  allowed t o  s tand for approximately two 

hours. 

An a n a l y s i s  is  completed and adjustments  are made t o  e. 

br ing  the  balance of t h e  s o l u t i o n  to  t h e  des i r ed  

opera t ing  condi t ions,  which are as  follows: 

(1) p3 - 4.7 io.2 

(2) Nickel (metal) - 12.5 -0 H . 5  oz/ga l  

(3) Chloride - 0.6 i O . 1  oz/gal  

( 4 )  gotic  &Cid - 4.7 ;g.2 cz/gal 12& 

( 5 )  Additives (after t h e  so lu t ion  has been 

pur i f ied  ) : 

Sulfamate n i cke l  a n t i - p i t t e r  as requi red  

Sulf amate stress reducer as requi red  

f .  The p u r i f i e d  so lu t ion  is f i l t e r e d  into t h e  c l ean  p l a t i n g  

tank. 

9 .  After  t r a n s f e r  t o  the  p l a t i n g  tank is  completed, a 23-gallon 

sampIe of t he  so lu t ion  i s  taken and s t r i p  t e s t e d  f o r  inherent  

stress t o  determine t h e  crossover  po in t .  The usual  po in ts  

inchided in the testing are 10, 15, 20, 25, 30, 40, 50, 60, 

and 70 amps/ft . 
i n  Fig.  22. 

2 The test r e s u l t s  are p l o t t e d  g raph ica l ly  as 

If t h e  crossover  o r  zero-s t ress  po in t  a t  a c e r t a i n  va lue  i s  

too  g r e a t ,  o r  i f  there  i s  a r e l a t i v e l y  s t e e p  curve r e s u l t i n g  

from t h e  s t r i p - t e s t  data,  stress reducer (S.N.S.R., Bar re t t  

Go.) i s  added t o  the  2%-gallon sample. Fu r the r  s t r i p  tests 

a r e  conducted t o  check t h e  ad jus t ing  of t h e  crossover  point  

t o  the des i red  value.  N o  add i t ions  a r e  made t o  t h e  main 

p l a t ing  so lu t ion  u n t i l  t h e  sample s o l u t i o n  checks a r e  com- 

p le ted ,  a f t e r  which the l a r g e r  tank i s  t r e a t e d  and then  re- 

t e s t e d  t o  determine t h e  crossover  poin t .  
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added d i r e c t l y  t o  the  p l a t ing  sample. 

a .  A s tock  so lu t ion  is prepared as follows: 

(1) S.N.A.P. - 100 grams 

(2) H20 ( d i s t i l l e d )  - 1 liter 

b. The amount of a n t i p i t t i n g  agent t o  be added i s  de te r -  

mined as follows: 

(1) A 3-inch metal hoop is  placed i n t o  the  sample 

and gent ly  removed. It should remain wet ted.  

A 5-inch metal hoop is  inrmersed i n t o  t h e  p l a t i n g  

so lu t ion  and removed gen t ly .  

(2) 

The 5-inch wetted 

i10cjp hiis to be ezt iczd eit cf the EOfl lCi""  anri 

remain wetted f o r  a t  least 2 t o  3 seconds. 

(3) The amount of S.N.A.P. added t o  the  s o l u t i o n  

a l s o  depends upon t h e  amount of a g i t a t i o n  t h a t  

is  present i n  the  p l a t ing ,  both from impel le r  

turbulence and from exhaust through t h e  manifold 

from the f i l t e r .  

3.1.1.2 Existing Bath 

The ana lys i s  of an e x i s t i n g  p l a t i n g  bath is as 

follows : 

1. Checks a r e  m a d e  f requent ly  during a per iod of active electro- 

forming for: 

a.  Nickel metal - concentrat ion 

b .  Chloride ion - concentrat ion 

c .  Boric ac id  - concentrat ion 

d .  pH value 

e. Spec i f ic  grav i ty  

f .  Surface tens ion  

Adjustments a r e  made,as required,fol lawing t h e  chemical a n a l y s i s .  

2 .  S t r i p  t e s t s  f o r  determining l e v e l s  of  inherent  s t r e s s  are con- 

ducted before  each p l a t ing .  
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ions and o the r  foreign contamination t h a t  t h e  f i l t e r  f a i l s  t o  

pick up. I ron ,  z inc ,  copper,  magnesium, z inc ,  etc. ,  a r e  p la ted  

out  a t  t h e  luwer cur ren t  dens i ty  t o  g i v e  a g r e a t e r  p u r i t y  t o  

t h e  deposited n i cke l .  

3.1.1.3 Copper Solu t ion  

Copper s o l u t i o n  ana lys i s  and c o n t r o l s  have 

been e s t ab l i shed  as follows: 

1. Analysis and Parameters 

a .  

b. 

c .  Additives (products of Dayton-Bright Co., Dayton, Ohio) 

CuSOic - 33.5 f 0-4 nz!gal 

H25ij4 - ii.5 * 0 .5  oz jga l  

(1) DB-41 ( the  br ightener )  - 5 grams/gal 

( 2 )  Dextum ( the  g r a i n  r e f i n e r )  - 25 grams/gal 

d. 

e. Contfnuous f i l t r a t i o n  

f .  

Bath temperature - 96O f 2OF 

2 Current densi ty  - normally 60 t o  75 ampfft  

ing on the  crossover point  t h a t  is e s t ab l i shed  by s t r i p -  

t e s t i n g  the  desired inherent  stress and/or t he  des i r ed  

physical p roper t ies )  

(or depend- 

2, S t r i p  Test ing 

a. 

b. 

C .  

2100-Final 

A 2%-gallon sample of t h e  p l a t i n g  s o l u t i o n  is placed 

i n  a beaker.  Tests are conducted a t  40, 50, 60, 70, 

and 80 amps/ft 

Adjustment of the  so lu t ion  i s  made by adding small i n -  

crements of the a d d i t i v e s ,  which are placed i n t o  the  

25-gallon sample so lu t ion .  

The main so lu t ion  i s  then modified according t o  t h e  

r e s u l t s  of t he  t e s t i n g .  

2 t o  e s t a b l i s h  t h e  crossover  poin t .  
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and stress determinat ion,  Hull c e l l  t e s t i n g  has  been employed t o  spot  

check the  var ious  s o l u t i o n  compositions. 

anode are mounted a t  an angle  t o  one another i n  a f ixed  volume of 

s o l u t i o n .  

d e n s i t i e s  i s  produced as a r e s u l t  of t h e  phys ica l  r e l a t i o n s h i p s  of anode 

and cathode, 

and q u a l i t y  of p l a t i n g  t h a t  r e s u l t  

low cu r ren t  dens i ty .  

s t r u c t u r e ,  appearance, e t c  . , can be analyzed r a p i d l y  i n  t h i s  manner. 

Figure 23 s h ~ i a  thc %11!. ce l l  +_est  device. 

With t h i s  device ,  cathode and 

b r i n g  p l a t i n g  on t h e  cathode, a complete range of cu r ren t  

Visual  observations can be made of t h e  su r face  condi t ion  

from the  v a r i a t i o n s  from high t o  

The qua l i ty  of the  r e s u l t a n t  e lectroform,  g ra in  
i 
i 
I 

Figure 24 shows some of i'ne additioaal m n i t z r -  

ing  and con t ro l  equipment t h a t  has beenincorporated i n  t h e  a n a l y t i c a l  

lab. 

dur ing  p l a t i n g ,  and de ta i l ed  recording of p l a t i n g  time i n  ampere hours 

o r  ampere minutes. 

recorders  t o  a i d  i n  t h e  evaluat ion of c e r t a i n  e f f e c t s ,  such as changes 

i n  add i t ive  agent caused by p l a t ing  condi t ions  and decay r a t e  of add i t ives ,  

This equipment includes devices f o r  pe r iod ic  r e v e r s a l  of cu r ren t  

Both cur ren t  and vol tage  are recorded on s t r i p - c h a r t  

3.1.2 Stress Determination and Control 
I 

Continued emphasis has been placed on determinat ion 

and con t ro l  of s t r e s s  i n  the  electroforming of s o l a r  concent ra tors .  

A number of devices  have been employed f o r  stress measurement, inc lud-  
ing  the  S p i r a l  Contractometer, which was descr ibed i n  earlier r e p o r t s ,  

and var ious  s t r i p - t e s t i n g  methods. 

The s t r i p - t e s t i n g  technique cont inues t o  be t h e  most 
v e r s a t i l e  method fo r  day-to-day eva lua t ion  of t h e  var ious  condi t ions .  

Modifications t o  t h i s  technique have involved t h e  use of va r ious  

masking methods i n  conjunction with t h e  s t r i p  test  i n  an e f f o r t  t o  

balance c u r r e n t  dens i ty  t o  produce more uniform test c h a r a c t e r i s t i c s  

over the  sur face  of t he  s t r e s s - t e s t  s t r i p  i t s e l f .  A d e f i n i t e  reduc- 

t i o n  i n  cur ren t  dens i ty ,  and therefore  s t r e s s  l e v e l ,  has  been 
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s l i g h t  d i f f e rences  were not iced i n  t e s t - s t r i p  d e f l e c t i o n  when t e s t s  w e r e  

made under i d e n t i c a l  condi t ions  using the  o l d  and new conf igura t ions .  

Both methods appear t o  o f f e r  a reproducible  means of making d i r e c t  

comparisons between var ious  p l a t ing  condi t ions .  

tes t  f i x t u r e  i s  shown i n  Fig.  25.  

A modified s t r i p -  

A more sophis t ica ted  device f o r  t h e  determinat ion of 

stress has r ecen t ly  been devised, and Electro-Optical  Systems has  ob- 

ta ined  one of t hese  u n i t s  f o r  comparison t o  o the r  stress measuring 

devices .  This u n i t ,  known as  a s t ressometer ,  i s  shown i n  Fig .  2 6 .  

With t h i s  device a t h i n  metaldiaphragmis used as t he  end c losu re  f o r  

a shallow p l a s t i c  cylinder. The diaphrsm becsmes t k  cathsde a€ Che 

test c i r c u i t  and a conforming anode is  used and pos i t ioned  d i r e c t l y  

above the  cathode diaphragm. The c a v i t y  behind thediaphragm con ta ins  

a f l u i d ,  and is  connected to  a s m a l l  c a p i l l a r y  tube .  

b e  c a r e f u l l y  ca l ibra ted ,and  temperatures maintained very accura te ly .  

Because t h e  u n i t  is s e n s i t i v e  t o  bo th  temperature and p res su re  f luc tua -  

tions, as well as to stresses occurr ing OR t h e  test cathode, i t s  use 

is  r a t h e r  involved. I f  t h e  outs ide  f a c t o r s  a r e  c a r e f u l l y  con t ro l l ed ,  

however, t he  instrument i s  capable of measuring a very small  amount of 

s t r e s s  occurr ing  i n  the  mater ia l  t h a t  i s  being e lec t rodepos i ted  on t h e  

diaphragm (cathode). Since i t s  c a l i b r a t i o n  and use  are so involved, it 

is not  practical as a working too l ,  bu t  is va luable  for determinat ion 

of near-zero stress condi t ions .  

The u n i t  must 

A l l  t h e  aforementioned stress-measuring devices  are 

acceptable  for  use  i n  the  so lu t ions  with which th i s  program i s  con- 

cerned, and a cons iderable  amount of information is  being obtained on 

t h e  var ious p l a t ing  baths  being used on cu r ren t  developmental e f f o r t s .  

A t yp ica l  s t r e s s  ve i sus  cu r ren t  dens i ty  curve obtained 

wi th  the  s t r i p - t e s t  technique at various temperatures i s  shown f o r  a 

bas ic  n icke l  so lu t ion  i n  F ig .  22. S t r e s s  versus  cur ren t  dens i ty  for 
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F I G .  24 MONITORING AND CONTROL EQUIPMENT 

I 
FIG. 25 MODIFIED STRIP-TEST FIXTURE 
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FIG. 26 STRESSOMETER 
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n t  dens i ty  is one of the  key f a c t o r s  producing 

v a r i a t i o n s  i n  stress i n  the  r e su l t an t  e lec t roform.  Addi t iona l ly ,  cur -  

r e n t  dens i ty  o r  t he  d i s t r i b u t i o n  of cur ren t  dens i ty  over a t y p i c a l  p a r t  

i s  one of the most d i f f i c u l t  parameters t o  con t ro l .  

Conditions where t h e  stress versus  cu r ren t  dens i ty  

curve is f l a t  a r e  highly des i rab le ,  inasmuch as wide f l u c t u a t i o n s  of 

cu r ren t  dens i ty  over t he  various po r t ions  of t he  p a r t  w i l l  not  r e s u l t  

i n  appreciable  v a r i a t i o n s  i n  stress. This condi t ion can be  approached 

through the  use of e levated bath temperatures.  

I 

However, t he  use  of 

I e leva ted  temperatures is  o f t e n  accompanied by o ther  undesirable  e f f e c t s  

such as  g rea t e r  v a r i a t i o n s  caused by nonuniform t_herm_zl expsnsion G€ 

var ious  components and o ther  r e l a t e d  f a c t o r s .  It can be  seen from t h e  

graphs i n  Figs .  22 and 27 t h a t  f o r  any given conf igura t ion ,  i f  the 

cur ren t  dens i ty  a t  a poin t  i s  known, t h e  s t r e s s  t h a t  w i l l  r e s u l t  

i n  t h e  e lec t roform can be determined. 

d i t i o n s  to produce either compressive o r  tensile stress o r ,  as is 

q u i t e  o f t e n  more des i r ab le ,  near-zero stress condi t ions.  The copper 

e lectroforming so lu t ion  t h a t  yielded the  graph shown i n  Fig. 27 

appears t o  hold promise of maintaining low o r  near-zero stress condi- 

t i o n s  over a wide range of current  d e n s i t i e s  under c e r t a i n  temperature 

~ I 
I 

It is poss ib l e  t o  ad jus t  con- 

I 

I and a g i t a t i o n  condi t ions.  
~ It w a s  found during t h e  experimental  p l a t i n g  of 5-foot- 

diameter mirror sk ins  t h a t  ba th  analyses  can change s u f f i c i e n t l y  from 

day t o  day t o  r equ i r e  t h a t  s t r i p  tests be run immediately before  every 

p l a t ing ,  and the  test  resu l t s  taken i n t o  account i n  the  s e l e c t i o n  of 

cur ren t  dens i ty  f o r  t h e  p l a t i n g .  

t i c e  i n  t h e  l abora to r i e s .  

the morning of the  day on which the  second n icke l  concent ra tor  s k i n  

60-POM3: R12 w a s  p l a t ed .  The crossover point  (zero inherent  s t r e s s )  
2 

was a t  a cur ren t  dens i ty  of 13 amps/ft . With t h i s  information t h e  

dec is ion  was made t o  p l a t e  a t  an average cur ren t  dens i ty  of 15 amp/ft 

t o  ensure a condi t ion of zero or  s l i g h t  t e n s i l e  s t r e s s .  

This  is  now considered s tandard prac-  

Figure 28 i l l u s t r a t e s  t h e  s t r i p  test  conducted 
I 

2 
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I STRIP TEST w t c q  
D A T E ~ T A Y K  m. mw.107.C SOLUTII f*lll *e 1329 *" s.5 
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FIG. 28 STRIP TEST TAKEN PRIOR TO 
THE PLATING OF 60-POM 3: R12 

2100-Final 56 



I_-_--- -- 

3.1.3.1 Chromium as a Surfacing Material 

Chromium and o ther  b r i g h t ,  hard depos i t s  have 

been considered d e s i r a b l e  a s  surfacing materials f o r  providing p ro tec t ion  

t o  the  r e f l ec t ive - f ace  skin.  A number of s t u d i e s  have been undertaken 

employing var ious  ba th  compositions and p l a t i n g  techniques i n  an e f f o r t  

t o  produce a h ighly  r e f l e c t i v e ,  hard,  durable  su r face  condi t ion .  An 

e f f e c t i v e  chromium p la t ing  so lu t ion  has been achieved t h a t  provides a 

highly r e f l e c t i v e  chromium overcoat.  The following two methods were 

considered for t he  app l i ca t ion  of chromium: 

1. Direct  deposi t ion of t he  chromium on t h e  mir ror  master wi th  

subsequent e lec t rodepos i t ion  of t he  strortural material. 

2.  Electroforming of  the r e f l e c t i v e  f ace  i n  t h e  u s u a l  nanner with 

a secondary f l a s h  p ro tec t ive  overcoat ing of chromium. 

L i t t l e  success  has been achieved wi th  t h e  f i r s t  

method, s i n c e  subsequent adhesion of the  s t r u c t u r a l  u n i t s  is  d i f f i c u l t .  

A number of electroformed nickel samples have been overcoated success-  

f u l l y  wi th  chromium, however. These samples have been t e s t e d  toge ther  

wi th  electroformed n icke l  r e f l e c t i v e  su r faces  that w e r e  overcoated wi th  

a f l a s h  of rhodium m e t a l .  The samples have been included wi th  o t h e r  

r e f l e c t i v i t y  samples f o r  t e s t ing ,  and t h e  r e s u l t d  are repor ted  i n  a l a t e r  

s ec t ion  of t h i s  r epor t .  

p l a t ed  p a r t s  i s  q u i t e  good v i sua l ly ,  and the  ab ras ive  r e s i s t a n c e  as ob- 

served i n  simple comparative tes t s  appears t o  be e x c e l l e n t .  

The appearance of  t h e  chromium and rhodium- 

A t  f i r s t ,  cons iderable  d i f f i c u l t y  w a s  exper i -  

enced i n  determining t h e  bes t  range of  cu r ren t  d e n s i t i e s  and general  

conf igura t ions  t o  provide maximum br ightness  of t h e  chromium o r  rhodium 

f l a s h  without t he  need f o r  any subsequent po l i sh ing .  It appears,  how- 

ever, t h a t  a reasonably broad range of condi t ions  can be achieved t h a t  

w i l l  permit p l a t i n g  t o  t h e  necessary degree of b r igh tness .  

The m o s t  promising bath ana lyses  and parameters 

w e r e  as follows: 
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1 0.02 oz/gal zero-mist (Udylite Corp. ) 

3.1 -3 .2  Experimental Plating of Brass 

Midway in the program a small amount of work 

was done on electroforming another nonmagnetic material--brass. 

6-inch-diameter mirror was produced by the electrodeposition of brass. 

No physical properties tests of the material were conducted; however, 

upon visual inspection the mirror appears to confirm the feasibility of 

electroforming in a two-element bath. 

A small 

The bath analysis was as follows: 

Cuprous cyanide 3.75 ozjgal 

Sodium cyanide 7.5 oz  f gal 
Zinc cyanide 1.2 oz/gal 
Sodium carbonate 4.0 oz/gal 

Plating parameters were the following: 

Temperature 950F 

Anodes Lead-free brass 

Agitation Stirrer only 

Current density 20 amp/ft 2 

3.2 Determination of Physical Properties of Electroformed Material 

A wide variation in the appearance of grain structure, stiff- 

ness, brittleness, and other characteristics in the electroformed samples 

of various materials has been observed. To determine the variations in 
physical properties that exist for different electroformed materials, a 

series of tests was outlined in which all the possible parameters were 
varied to make test specimens that were subjected to the usual tests for 

ultimate tensile strength, yield strength, elongation, and modulus of 

elasticity. Hardness w a s  also evaluated. 

3.2.1 Testing of Variations in Physical Properties 

A large number of test specimens were produced for phys- 
ical property measurements. In nickel, the first group of specimens 
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ges ted  c e r t a i n  t rends  t h a t  addi t iona l  tests might confirm. Therefore ,  

a second l o t  of n icke l  specimens w a s  produced dur ing  t h e  e igh th  month. 

The var ious  parameters a f f e c t i n g  o r  in f luenc ing  t h e  r e s u l t a n t  e l e c t r o -  

forms have been var ied  independently, where poss ib l e ,  t o  determine t h e i r  

in f luence  on t he  r e s u l t a n t  s t r u c t u r e .  T e s t  coupons were prepared by 

electroforming t o  approximately 0.010 inches or less i n  th ickness ,  on 

a f l a t  rec tangular  mandrel. In most i n s t ances  a g l a s s  p l a t e  has  been 

used f o r  the  mandrel, bu t ,  t o  determine t h e  e f f e c t s  ( i f  any) of t he  

I 
i 
I 

, 

I s u b s t r a t e ,  o ther  materials have a l s o  been used. The same technique has  

been used t o  produce electroformed samples for t h e  r e f l e c t i v i t y  tests.  

The geometry and r e l a t i o n s h i p  of anodes to cathode w e r e  balanced i n  such 

a way t h a t  t he  c e n t e r  of t h e  tes t  p l a t e  w a s  uniform i n  th ickness .  The 

t e s t  coupons were then c u t  from t h e  c e n t e r  of t h e  test  shee t  i n  such a 

manner t h a t  t h r e e  coupons were obtained from each panel .  These w e r e  

then  machined t o  t h e  dimensions requi red  f o r  t e s t i n g ,  and suppl ied t o  

t h e  t e s t i n g  labora tory .  T e s t  coupons and r e f l e c t i v i t y  samples obtained 

from t h e s e  electroformed test panels  are shown i n  F ig .  29. 

As previously s t a t e d ,  some parameters can be va r i ed  
I independently while  o the r s  produce i n t e r r e l a t e d  e f f e c t s ,  or can be va r i ed  

only i n  conjunction with other  parameters.  I n i t i a l  tests involved a 

s tandard so lu t ion  and cont ro l led  condi t ions  of a g i t a t i o n ,  cu r ren t  dens i ty  

and geometry while  ba th  temperature w a s  v a r i e d .  

a g i t a t i o n ,  cur ren t  dens i ty ,  and o the r  f a c t o r s  were independently va r i ed  

I n  o the r  i n s t ances ,  

whi le  t h e  remaining parameters w e r e  maintained i n  a cons tan t  condi t ion .  

Conditions t h a t  have been evaluated are as follows: 

3.2.1.1 Nickel Tes t s  

Tensi le  t e s t s  w e r e  performed on samples p l a t ed  

i n  t h e  Bar re t t  sulfamate nickel so lu t ion .  The pH, s p e c i f i c  g r a v i t y ,  

n icke l  conten t ,  bor ic  ac id ,  and a n t i - p i t  agent w e r e  kept  t o  t h e  manufac- 

t u r e r ' s  spec i f i ca t ions .  

g l a s s  s e n s i t i z e d  wi th  chemical s i l l  x or on n i cke l  shee t  stock. From 

Specimens 11 by 16 inches w e r e  p l a t ed  on p l a t e  
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wi th  a 2-inch gauge length.  

c u r r e n t  dens i ty ,  a g i t a t i o n ,  and s u b s t r a t e .  Also, d i f f e r e n t  s o l u t i o n s  

were compared. 

The parameters va r i ed  were temperature, 

The following c h a r t  w i l l  s e rve  as a r e fe rence  

As te r i sks  i n d i c a t e  t h a t  t h e  specimen w a s  produced i n  t o  the  test d a t a .  

a second l o t ,  approximately 6 weeks a f t e r  t h e  o t h e r s .  

PHYSICAL TEST REFERENCE CHART - NICKEL 
~. 

Cur rent Ag i t a t  i on Subs t r a t e  Thickness Tank S q l e  Temp- Density 
NO OF --“I A m n / & + 2  4.- Yen - NO Mat er ial (Elfls) No. 

1. Temperature Change Without Ag i t a t ion  

F-18 85 15 No Glass 10 5 

F-17 100 15 No Glass 10 5 

*F-62 110 15 NO Glass 10 5 

F-15 120 15 No Glass 10 5 

F-26. 140 15 No G l a s s  10 5 

*F-64 160 15 NO Glass 10 5 

2 .  Temperature Change With Agi ta t ion  

F-23 85 15 Yes G l a s s  10 5 

F-22 100 15 Y e s  Glass 10 5 

*F-68 110 15 Y e s  Glass 10 5 

*F-60 120 15 Yes Glass 10 5 

F-25 140 15 Y e s  Glass 10 5 

*F - 65 160 15 Yes Glass 10 5 

Current Density Change a t  lo& F 3.  
~~ ~ 

F-37 100 5 No 

F-3 100 10 No 

F-17 100 15 No 

F-39 100 40 No 

~~ 

Glass 10 

Glass 10 

Glass 10 

Glass 10 

~- - 

5 

5 

5 

5 
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4. Current Density Change at 110" F 

*F-68 110 15 Y e s  Glass 10 5 

*F - 65 110 22 Y e s  Glass 10 5 

*F-59 110 60 Y e s  Glass 10 5 
-~ 

5. Current Density Change at 140'F 

F-32 140 5 No Glass 10 5 
F-26 140 15 No Glass 10 5 

F-29 140 22 No Glass 10 5 

F- 33 140 40 No Glass 20 J 

*F-63 140 60 No Glass 10 5 

r; 

6 .  Agitation Added  at 85'F 

F- 18 85 15 No Glass 10 5 
F-23 85 15 Y e s  Glass 10 5 

7. Agitation A d d e d  at lo@ F 

F-17 100 15 No Glass 10 5 

F-22 100 15 Y e s  Glass 10 5 

8 .  Agitation Added at 110°F 15 amp/ft2 

*F-62 110 15 No Glass 10 5 
*F- 68 110 15 Y e s  Glass 10 5 

9. Agitation Added at 110°F 22 amp/ft2 

*F-67 110 22 No Glass 10 5 

*F-66 110 22 Y e s  Glass 10 5 

lo. Agitation A d d e d  at 140° F 

F-26 140 15 No Glass 10 5 
F-25 140 15 Y e s  Glass 10 5 
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11. Agi ta t ion  Added a t  160°F 

*F-64 160 15 No G 1  as s 10 5 

*F-65 160 15 Y e s  Glass 10 5 

12. Subs t ra te  Change 

F-21 100 15 No Nickel 10 5 

F- 17 100 15 No Glass 10 5 
~ ~ 

13. Subs t ra te  Change 

F-46 80 4 r; ::a Nickel 10 5 

F-27 80 5 No Glass 10 5 

14. Solut ion Change (both  Norm Sn Sol.) 

F-36 100 5 No Glass 10 5 

F-37 100 5 No Glass 10 5 

Other Specimens Not Grouped Above 

F-43 80 40 No Glass 10 5 

*F-61 110 60 No Glass 10 5 

3.2.1.2 Copper T e s t s  

Tens i le  tests were performed on samples p l a t ed  

i n  a copper su lpha te  s o l u t i o n  with va r i ed  amounts of hardening a d d i t i v e s  

as ind ica ted  i n  some of the  groups below. As i n  t h e  case of n i cke l ,  t h e  

specimens w e r e  p l a t ed  i n  a panel s i z e  of 11 by 1 6  inches on p l a t e  g l a s s  

s ens i t i zed  wi th  chemical s i l v e r .  

t o  ASTM coupon s i z e .  

From each panel t h r e e  samples w e r e  c u t  

The following c h a r t  groups the  t e s t e d  specimens: 

21 00-Final 63 



PHYSICAL TEST REFERENCE CHART - COPPER 
- -~ -- 

Current 
Sample . Density Agitation Hardening Agent Tank 
No. Amps/ft2 Yes - ~o No. 

15. Temperature Change 

F -48 90 40 No 1.2 oz/gal molasses 7 

F-45 120 45 No 1.2 oz/gal molasses 7 

16. Current Density Change 

F-55 90 50 Yes 0 . 3  ozjgai triisopropanoiamine 3 _ _  

F-56 90 75 Y e s  0 . 3  oz/gal triisopropanolamine 3 

17. Hardening Agent Concentration Change 

F-52 90 15 Yes 0.1 oz/gal triisopropanolamine 3 

F-53 90 15 Yes 0.2 oz/gal triisopropanolamine 3 

F-55 90 15 Y€?S 0.3 oz/gal triisopropanol 3 

F-57 90 15 Yes 0.4 ozfgal triisopropanolamine 3 

18. Hardening Agent Change 

F - 4 4  99 45 No 1.2 oz/gaf molasses 7 

F-49 98 33-1/2 No 1 oz/gal triethanoline 3 

F-56 90 75 Yes 0.3  oz/gaf trii r opano 1 amine 3 

*F-71 90 75 NO Dayton -Br ight System 3 - 
Other Specimens Not Grouped Above 

F- 50 90 50 No 1 oz/gal triethanoline 7 
F-51 90 20 No 1 ozfgal t riethanoline 3 

The last two exhibited very inferior grain structure with extreme brittleness. 
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Discussion of t h e  test r e s u l t s  is separa ted  i n t o  t h e  

groups def ined i n  t h e  previous t a b l e s .  

of t e n s i l e  y i e l d  s t r eng th  and modulus of e l a s t i c i t y  are given i n  tabu- 

For each group r e s u l t s  i n  terns 

gures  are derived from t h e  t e s t i n g  l abora to ry  r e p o r t  

a l u e s  are reduced on EOS d a t a  shee ts .  One represen- 

t a t i v e  sample of each is  included i n  t h i s  s e c t i o n  (pages 72 through 74 ) .  

l n  t h e  Appendix*are r e s u l t a n t  curves represent ing  da ta  of ind iv idua l  

samples ind ica t ing  the  c h a r a c t e r i s t i c s  of modulus versus  stress, giving 

a d e f i n i t i o n  of t h e  approximate proport ional  l i m i t  of t h e  samples. The 

more i_mportant trends that have been es t ab l i shed  with t h i s  d a t a  a r e  d i s -  

cussed wi th  their respec t ive  groups and a r e  g raph ica i iy  portrayed i n  

t h i s  sec t ion .  

3.2.2.1 Nickel 

The most thorough t e s t i n g  w a s  done on n i cke l  

One undes i rab le  va r i ab le  apparent ly  inf luenced some of  t h e  specimens. 

r e s u l t s .  The v a r i a b l e  is a bath change (same sulfamate n i cke l  formula) 

l a c e  j u s t  p r i o r  to  t h e  p l a t ing  of specimen F-37 near  t 

t h e  f i r s t  s e r i e s  of samples. F-39, F-43, F-46, and a l l  specimens i n  t h e  

second series (marked *) were electroformed i n  t h e  newer so lu t ion ,  as 

noted b e l m  t h e  cont ro l  tests. A comparisan of P-36 and P-37 i n d i c a t e s  

some drop i n  s t r eng th  values .  This  a l s o  seemed apparent i n  o the r  

S ond s e r i e s .  The mure pronounced t r ends  w e r e  only 

somewhat clouded by t h i s  change; however, f o r  a c l o s e  examination of t h e  

e f f e c t  of parameter changes on physical  property va lues ,  a d e t a i l e d  

study wi th in  the  narrower ranges es tab l i shed  by t h e  present  work may be 

ind ica ted  f o r  c l e a r e r  d e f i n i t i o n  of t he  r e s u l t s .  

*Appendix da t a  i ssued  t o  cont rac t  d i s t r i b u t i o n  l i s t ;  a d d i t i o n a l  copies  
on request .  
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with moderate improvement above that point. 

a current density of 15 amps/ft . 
30 for ultimate strength (E’ ), in Fig. 31 for yield point (F ), and in 

Fig. 32 for modulus of elasticity (E). The steep slope of improvement in 

the range from 100°F to 120°F suggests that in a solution with little or 
no agitation, emphasis in that range should be placed on increasing the 

temperature. 

The tests were conducted at 
2 The results appear graphically in Fig. 

tu tY 

TEST RESULTS - AVERAGE OF 3 SPECIMENS OF EACH NUMBER 
~ ~ ~~ ~~~~ -~ ~~ 

F E Current 

6 Sample Temp. Density. Agitation FtU tY 
No. OF Amps/ftZ Yes - NO x 1 0 ~  x 10 x 10 

~~~ ~~~ ~~ ~~ - 

F-18 85 15 No 75.5 50.5 20.2 
F-17 100 15 No 75 -0 49.5 20.8 
F-62 110 15 No 108 .O 74.0 15 -5 

F-26 140 15 No 132.6 87.8 26.5 

F- 64 160 15 No 113 .O 77.5 19.5 

Group 2: Temperature Change with Agitation 

The data indicate that the strength of the 

deposited material is improved considerably by agitation at lower tempera- 

tures. Starting at the relatively high b a s e ,  the values go up slowly with 

bath temperature to near 140 F, and then fall off sharply by 160°F. 
modulus remains quite even within a range of 20 to 26 million. 

0 The 

TEST RESULTS - AVERAGE OF 3 SPECIHENS OF EACH NUMBER 

Current F E 
Sample T;mp. Density Agitation Ftu t Y 
No. F Amps/ft2 Yes - NO x 103 103 x lo6 

F-23 85 15 Yes 117.5 82.3 26 .G 

F- 22 100 15 Yes 126.0 92 . O  23 .O 

F-68 110 15 Yes 109 .O 75 -8 23 . G  

F-60 120 15 Yes 194.0 97 .0 21 .o 
F-75 140 15 Yes 145.0 101 .O 23.8 
F-65 160 15 Yes 98 .O 68.8 20.5 
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FIG. 30 RELATION OF ULTIMATE TENSILE STRENGTH (Ftu) 
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t y p i c a l  of samples of electroforming without a g i t a t i o n  and a t  a tempera- 

t u r e  of only 100°F.  Within t h e  group t h e  only sharply defined t rend  

r e s u l t i n g  from cur ren t  dens i ty  a t  t h i s  temperature is a higher va lue  
2 a t  t he  very l o w  r a t e  of 5 amps/ft . Although only me poin t  was 

t e s t e d  wi th  a g i t a t i o n ,  i t  i s  expected t h a t  more d a t a  would r e s u l t  in 

a r a t h e r  f l a t  curue f o r  t he  cur ren t  dens i ty  versus  s t r e n g t h  when under 

a g i t a t i o n ,  a s  s h a m  i n  Fig. 33a. 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 

!? F E Current 
t u  Q-4 

Sample Temp. Density, Agitation 
No. O F  Amps/ftL Yes - NO x 103 x 10' x 106 

F-37 100 5 No 110 .o 72.5 25 -0 

F-3 100 10 No 81.7 53 .O 21.5 

F-17 100 15 No 73.7 49.0 20.8 

F-39 100 40 No 83.7 58 .O 15.0 

Group 4: Current Density Change a t  l l @ P  

C u r r e n t  dens i ty  change without a g i t a t i o n  at  

110°F seems t o  e x h i b i t  r e s u l t s  q u i t e  s i m i l a r  t o  those a t  lO@F (Group 3), 

except t h a t  t h e  f a l l  off  s lope  is d isp laced  higher i n  the  scale a t  t h e  

15 t o  20 amp/ft2 a rea  ins tead  of a t  very  low c u r r e n t  d e n s i t y  as i n  

Group 3 w i t h  a g i t a t i o n .  
2 appear i n  Fig.  33b. The lack  of p o i n t s  a t  40 amp/ft minimizes t h e  

v a l i d i t y  of t h e  p r e c i s e  shape of these  cumes a t  t h i s  t i m e .  

The r e s u l t a n t  curve is q u i t e  f l a t .  Both 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 

F E Current 
Sample To-. Density Agitation F t U  t Y  
No. F Ampsift* Yes - wo x 203 103 106 

~~ 

F-68 110 15 Y e s  109.0 75.8 15.5 
F-66 110 22 Yes 196.7 65.5 23 .O 

F-59 110 60 Y e s  100.7 74.8 22 .O 
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S 1 Load/lbs 1 S t r e s s / p s i l  S t r a i n / i r  

25 3,745 I 
50 7,500 .OM27 

I 75 1 11,220 I 

175 I 26,220 I 

6 E x Y10 

I 
27.8 1 

1 

27.8 I 
I 

J 
1 

i t 
- 27.5 I 

25.70 
25.60 
24.38 

23.90 1 
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21.94 
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20.32 

19.70 
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17 -90 
17.20 

1 
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area i n  2 NOTE: 1) Stress - 
2, stress 
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t i a l f y  higher  than a t  lower temperatures.  

end of t h e  cur ren t  dens i ty  sca l e  is s t i l l  de f inab le ,  bu t  is less pronounced 

than a t  100" or llO°F, a s  seen i n  F ig .  33c. Again, only one po in t  was 

t e s t e d  with a g i t a t i o n  and an approximate estimated s lope  of a curve 

is shown. 

The drop i n  va lue  i n  t h e  low 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 

Current F E 
Sample Temp. Density Agi ta t ion  Ftu 
No. OF Amps/ft2 Y e s  - NO x 103 x tY3 10 x 106 

F-32 140 5 No 120 .o 98.2 23.0 

r-26 160 15 Ns 132.6 ", ." 
F-29 140 22 No 120 .o 78 .O 15.5 

9 L  c 
L Y . 2  

9 7  Q 

F-33 140 40 No 120.0 76 .O 27.2 

F-63 140 60 No 90.2 66 .O 21.6 

Group 6: Agi ta t ion  Added a t  85'F 

Agi ta t ion  apparent ly  makes a very s u b s t a n t i a l  

d i f f e rence  a t  t h i s  lower temperature, The exten t  i s  graphica l ly  i l l u s -  

t r a t e d  i n  Figs .  30, 31, and 32.  

TEST RESULTS - AVERAGE OF 3 SPECIMENS 

F E Current 
Sample Temp. Density Agi ta t ion  F t U  

#o. OF Ampsjft2 - NO x lo3 x tY3 IO x 106 
~~ 

F- 18 85 15 No 75.5 5G .5 20.2 

F-23 85 15 Y e s  117.5 87.3 26.0 
~~ 

Group 7: Agi ta t ion  Added a t  10$F 

The maximum spread i n  s t r eng th  c rea t ed  by 

a g i t a t i o n  is  noted a t  t h e  10G°F l e v e l  (a temperature f requent ly  used 

i n  t h e  subjec t  of s o l a r  concentrator e lectroforming) .  R e s u l t s  can be 

seen i n  Figs .  30 and 31. 
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RELATION OF YIELD POINT (Fty) TO 
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FIG. 33b 
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FIG.  3% 
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CURRWT DENSITY AT 14@F 
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F-17 100 15 No 75 .ft 49 -5 20.8 

F-22 100 15 Yes 126.0 97 .O 23 -0 

j 
Groups 8 and 9: Agitation Added at ll@P at 

The improvement from agitation alone decreases 

Two Current Densities I 

with temperature, as is shown by the following data for 110°F. 

the difference still amounts to approximately 10 to 25 percent in both 

strength and modulus. Group 8 points (F-62 and F-68) are illustrated 

i n  Figs. 3 0 ,  31, and 3 2 .  

However, 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 
F E Cur rent 

. Density Agitation FtU 
Amps/ft* Yes - NO x lo3 x ty3 10 x lo6 

Sample 
No. 

F-62 1 LO 15 No 108 .O 74.0 15 -5 

F-68 110 15 Yes 109 .o 75 - 8  23 - 0  

F-67 110 22 No 79 -2 53.2 19.8 

F-66 110 22 Yes 96.7 65.5 23 - 0  

Groups 10 and 11: Agitation Added at 14@ 
and 160° F 

At elevated temperature the improvement given - 
by bath agitation diminishes, and disappears at approximately 155°F. 

Results appear in Figs. 30, 31, and 32. 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 
F E tu 

Current 
Sample T,'mp. Density Agitation 
No. F Amps/ft2 Yes - NO x lo3 x tY3 10 x lo6 

F-26 140 15 No 132.6 87.8 26.5 

F-25 140 15 Yes 145.0 101.0 23.8 

F-54 160 15 No 113 -0 77.5 19.5 

F-65 160 15 Yes 98 .O 68.8 2G.5 
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fo; g lass  a s  t he  p l a t i n g  mandrel, or s u b s t r a t e ,  i n  t h e  f i r s t  sample. 

R e s u l t s  a r e  inconclusive i n  t h e  case of Group 13 because of t h e  very  l o w  

temperature of 80 F, which caused poor g r a i n  s t r u c t u r e .  

t y p i c a l  case i n  Group 10, however, it is apparent that t h e  change makes 

l i t t l e  d i f f e rence .  

0 
In  t h e  more 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 

Current F E 
Sample Temp. Density Agi ta t ion  F t U  t Y  

N o .  OF Amps/ft2 Y e s  - NO x l o3  x lo3 x l G 6  Subs t r a t e  

L A . .  9 1  c 3 ??ickel 1. Tn o - ^ ^  - -  F - 2 1  1 vu 13 110 l Y . 0  52.5 

F-17 100 15 No 75.0 49.5 2G.8 Glass 

F-46 80 5 No 65.0 42.0 22.2 Nickel 

F-27 80 5 No 83.0 57.0 22 .o Glass 

Group 14: Solu t ion  Change 

The ba th  w a s  completely changed but wi th  t h e  

s a m e  formula: n i cke l  sulfamate ( 3 a r r e t t  C o . ) .  The moderate decrease  i n  

s t r e n g t h  p rope r t i e s  remains unexplained, s ince  a l l  measured parameters 

were the  same. The modulus was apparently unaf fec ted .  The c h l o r i d e  ion ,  

n i cke l ,  ac id ,  and bora te  concentrations w e r e  checked and found c l o s e  t o  

equal.  Unknown impur i t i e s ,  va r i ab le s  i n  a g i t a t i o n  and/or tank v i b r a t i o n  

may have cont r ibu ted  t o  t h e  change, which was as follows. 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 

F E 
t u  

F Current 
Sample Temp. Density Agitation 

N o .  "F Amps/ft* Yes - NO x l o3  x ty3 10 x lo6 Tank 

F-36 100 5 No 120.0 81.8 15.2 Old 5 

F-37 1 G O  5 No 110.0 77.5 15 .0  New 6 
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completed i n  hardened copper baths .  

a v a r i a t i o n  of t h e  molasses add i t ive .  The t w e l f t h  w a s  hardened with t h e  

Dayton Bright System, which now i s  being used almost exc lus ive ly  i n  EOS 

l a b o r a t o r i e s  for mir ro r  p l a t ing .  As i n  t h e  case of n i c k e l ,  above, t he  

r epor t ing  of r e s u l t s  is by groups. 

A l l  but one ba th  w a s  modified with 

Group 15 : Temperature Change 

Very  l i t t l e  p l a t i n g  of  copper has been done 

ou t s ide  t h e  90 t o  98 F range, but t h e  few examples of e lec t roforming  

a t  e leva ted  temperatures always e x h i b i t  poor physical  p r o p e r t i e s ,  as  i n  

t h e  case  of F-45. 

37,000 p s i  y i e l d  poin t  and modulus a t  13.2 x 10 . F-45, t h e  sample 

p l a t ed  a t  120 F, was so pulpy i n  g r a i n  s t r u c t u r e  t h a t  i t  w a s  unaccep- 

t a b l e  f o r  physical p rope r t i e s  t e s t i n g .  

0 0 

F-48, plated a t  90°F, w a s  moderately acceptable ar: 
b 

0 

Group 16: Current Density Chanpe 

A sharp f a l l o f f  i n  y i e l d  and u l t i m a t e  t e n s i l e  

s t r e n g t h  w a s  observed when the  c u r r e n t  d e n s i t y  decreased from 75 down t o  

50 amps/ft . R e s u l t s  of t h i s  tes t  a r e  i l l u s t r a t e d  i n  Fig.  34a and b .  
2 

Also shown i s  a curve generated by two cases  without a g i t a t i o n ,  i n  which 

t h e  samples w e r e  p la ted  i n  baths with d i f f e r e n t  hardening agen t s .  

l ack  of in te rmedia te  poin ts  l i m i t s  t h e  v a l i d i t y  of t h e  shape of  t h e  

curves.  

A 

The curves are only suggested approximations, 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 

F E Current 
F t U  t Y  Sample Temp. Density Agi ta t ion  

N o . .  O F  Amps/ft2 Yes - NO x 103 103 106 

F-55 90 50 Y e s  41  .O 27.2 14 - 8  

F-56 90 75  Yes 60.0 41.8 13.5 
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used wi th  molasses has been found t o  be tr i isopropanolamine ( t r i i s o )  

added i n  minute q u a n t i t i e s .  The t e s t i n g  i n d i c a t e s  t h a t  a concent ra t ion  

of 0 . 3  t o  0.4 oz/gal of so lu t ion  is probably t h e  b e s t  approximation under 

t h e  e x i s t i n g  condi t ions .  The d a t a  w a s  der ived  a t  what is now known as a 

poor c u r r e n t  d e n s i t y ,  so the s t r eng th  f i g u r e s  are r e l a t i v e l y  low. 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 

T r i i s o  
No. " F  Amps/ft2 Yes - NO x i o3  x 103 x lo6 oz /ga l  

Current F E 
Sample Temp. Density Agitation F t U  t y  

F-52 so 15 Yes 15 .5  37 8 LL.2 0.1 

F-53 YU 15 Yes 40.8 2 6 . 2  1 3 . 3  0.2  

F-55 90 15 Yes 41 .O 27.2 14.8 0 .3  

F-57 90 15 Yes 42 - 3  27.2 13.2 0.4 

Group 18: Hardening Agent Chanpe 

The examples l i s t e d  below a r e  n o t  intended 

f o r  p rec i se  comparison of p rope r t i e s  because the o the r  parameters 

w e r e  va r i ed .  The l as t  two samples, F-56 and F-71, represent  t h e  b e s t  

combinations of 90" temperature h igh  cu r ren t  dens i ty  and t h e  most 

promising a d d i t i v e s .  Of the  two, F-71's Dayton Bright System a d d i t i v e s  

appears t o  r e s u l t  i n  higher modulus, a key requirement i n  q u a l i f y i n g  

copper f o r  e lec t roforming  u l t r a - t h i n  s h e l l e d  s t r u c t u r e s .  

I 

TEST RESULTS - AVERAGE OF 3 SPECIMENS 

E Hardening F Current 
Sample T,'mp. D e n s i t y  Agi ta t ion  F t u  t Y  
No. < F  Amps/ft2 Yes - No x l G 3  x lo3  x lo6 Agent 

F-44 90 45 No 48.0 39.G 13.0 Molasses 

F-49 98 33-1/2 Yes 33 - 0  15.7 1 3 . 2  T r i e thano l ine  

F-56 90 75 P e s  60 .0 41.8 13.5 Triisopropano- 

F-71 90 75 No 59 . s  42.5 1 7 . 8  Dayton-Br i g h t  

lamine 

System 
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Specimens F-3-1, 2,  and 3 (p la ted  a t  100°F, cu r ren t  dens i ty  10, no a g i -  

t a t i o n ) .  A Tukon hardness tester w a s  used with a load  of 500 grams on 
l 

a Knoop diamond 

I 3.2.3 

indenter .  The resul ts  were as follows: 

Sample Hardness 

F-3-1 KHN 247 

F-3-2 K" 257 

F-3-3 FHN 257 

KHN 254 Average 

Sunrnary - Improvement i n  Physical P rope r t i e s  

Information obtained from t h e  physical  property t e s t i n g  

of t h e  var ious  samples ind ica t e s  t h a t  v a r i a t i o n s  o r  improvements i n  phys- 

ical  p rope r t i e s  can be achieved through c a r e f u l  con t ro l  of t h e  p l a t i n g  

condi t ions .  I n  t h e  case of electroformed n icke l ,  t h e  bath temperature 

should be r e l a t i v e l y  high f o r  increased s t r eng th ,  with an u l t ima te  value 

near  140°F wi th  a g i t a t i o n ,  

dens i ty  should be l o w  f o r  maximum s t r eng th ,  probably i n  t h e  10 t o  20 

amp/ft range. A t  t h e  e levated temperatures (120 F and up) ,  however, t he  

decrease i n  va lues  i n  t h e  higher cur ren t  dens i ty  ranges cannot be consid- 

ered severe.  

e spec ia l ly  a t  lower temperatures.  

on modulus. 

0 or  near 125 F without a g i t a t i o n .  The c u r r e n t  

2 0 

Agitat ion is  of prominent importance f o r  increased s t r e n g t h ,  

The a g i t a t i o n  has  a less def ined e f f e c t  

For copper electroforming, t he  temperature should be 

kept a t  t h e  90° t o  98OF l e v e l .  

deposited g r a i n  s t r u c t u r e  - 60 t o  75 amps/ft2 o r  even s l i g h t l y  h igher .  

Agi ta t ion  seems t o  be of dubious v a l u e  from t h e  l imi t ed  d a t a  on t h e  

copper t e s t i n g  (except t o  prevent po la r i za t ion  a t  high cur ren t  dens i ty ) ,  

and a f u r t h e r  examination of t h i s  parameter by degrees  of a g i t a t i o n  may 

be ind ica ted .  

Current dens i ty  should be high f o r  good 
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have been under development. 

concent ra tor  design can be optimized t o  t a k e  

c e p t s ,  and necessary material p rope r t i e s  can be ad jus ted  t o  permit the 

reduct ion i n  weight of cer ta in  components, wi th  an increased a b i l i t y  

t o  withstand the  condi t ions  assoc ia ted  wi th  launch environment and re- 

l a t e d  shock and v i b r a t i o n  loading. 

I f  adequate con t ro l s  can be maintained, 

advantage of these  con- 
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4 .  ADVANCED COATING STUDIES 

High r e f l e c t i v i t y  coat ings t h a t  are compatible with electroformed 

s t r u c t u r e s  and e x h i b i t  a high degree of r e s i s t a n c e  to  degradation from 

environmental condi t ions encountered during processing,  s to rage ,  launch 

and space condi t ions are of prime concern t o  t h i s  program. 

4 .1  Small-Scale Studies  

A number of s tud ie s  were conducted which provide a b e t t e r  

understanding of t h e  conditions o r  processes  t h a t  a r e  requi red  t o  pro- 

duce var ious  durable ,  highly r e f l e c t i v e  sur faces  on electroformed con- 

c e n t r a t o r s  and mirrors. 

4.1.1 Effec ts  of Master and Subs t ra te  Materials 

To determine the  poss ib l e  e f f e c t  of the  master or 

s u b s t r a t e  materials on ul t imate  r e f l e c t i v i t y ,  a number of sample r e f l e c -  

t ive  skins were p l a t ed  using various s t r u c t u r a l  ma te r i a l s .  Although 

t h e  q u a l i t y  of t h e  master surface i s  reproduced very accura te ly  i n  the  

electroformed r e p l i c a ,  the  mater ia l s  employed i n  the master i t s e l f  have 

no known u l t imate  e f f e c t  on the r e f l e c t i v i t y  or  d u r a b i l i t y  of the  r e -  

s u l t a n t  r e f l e c t i v e  sur face .  The r e f l e c t i v i t y  c h a r a c t e r i s t i c s  of the  

master sur face ,  whether it i s  metal ,  p l a s t i c ,  o r  g l a s s ,  w i l l  be re- 

produced f a i t h f u l l y  i n  a r ep l i ca  mir ror .  

masters,  such a s  p l a s t i c  and g l a s s ,  a s e n s i t i z i n g  l aye r  o f  s i l v e r ,  copper 

o r  o ther  ma te r i a l  is used p r io r  t o  the  electroforming process .  The 

subsequent e lectroform reproduces the  sur face  condi t ion  of this s e n s i t i z -  

ing o r  r e f l e c t i v e  layer .  

I n  the case of nonconductive 

There does not appear t o  be any measurable d i f f e rence  

i n  obtainable  r e f l e c t i v i t i e s  associated with t h e  d i f f e r e n t  ma te r i a l s  

t h a t  have been used t o  e lectroform the  ac tua l  r e f l e c t i v e  f ace .  R e -  

f l e c t i v i t i e s  measured from nicke l ,  copper,  b r a s s ,  and o ther  sample 

subs t r a t e s  which w e r e  overcoated with the  same r e f l e c t i v e  ma te r i a l s  

t h a t  were electroformed over the same master showed i d e n t i c a l  charac te r -  

i s t i c s .  Repl ica-sens i t iz ing  mater ia l s  or i n t e r l a y e r s  wi th in  t h e  r e f l e c t i v e  
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s u b j e c t  w i l l  he discussed i n  the  following subsect ions.  

4.1.2 Various Coatings f o r  High Ref l e c t i v i t v  

To evalua te ,  on a comparative bas i s ,  the var ious  pos- 

s i b l e  high r e f l e c t i v i t y  coa t ings ,  a method w a s  devised whereby the  

i n i t i a l  sur face  and s u b s t r a t e  mater ia l s  could be dupl ica ted  i n  an ac- 

c u r a t e  manner. Figure 35 shows the electroforming of the  bas i c  r e f l e c -  

t i v i t y  samples. The rectangular ;  f l a t ,  p l a t e g l a s s  master ,  approxi- 

mately 12 by 15 inches,  provides a b a s i s  f o r  formation of r e f l e c t i v e  

s k i n s  f o r  a l l  electroforming mater ia l s .  Electrodeposi t ion is achieved 

t o  a thickness  of approximately 0.030 inch upon a chemically deposited 

sensitizing layer. Vsr ic~s  de.;=sic-.l ccgticgs 2 1 s ~  hay-ro, 

been used as a comparison and i n  instances where the  electroforming 

so lu t ions  a r e  not  compatible w i t h  chemical s i l v e r .  The electroform is 

par t ed  from the  master and stopped o f f  on both f r o n t  and back using 

Kodak metal e t c h  resist s top-off  ma te r i a l .  C i r c l e s  are scr ibed  

through the  s top-off  ma te r i a l  on the  back o r  nonre f l ec t ive  s i d e  of t he  

sample t o  expose the  nickel .  The p a r t  is put  i n t o  an e tch ing  s o l u t i o n  

and electrochemica€ly mi l led  t o  produce ind iv idua l  f f a t  samples approxi- 

mately two inches i n  diameter. This process  e l imina tes  any p o s s i b i l i t y  

of bending o r  warping by physical  machining o r  c u t t i n g  techniques.  

is necessary t h a t  the  samples be f l a t  t o  ensure reproducible  measurements 

It 

on the Perkin-Elmer spectrophotometer. 

t i v e l y  l a rge  number of samples t h a t  are e s s e n t i a l l y  i d e n t i c a l  i n  charac- 

t e r i s t i c s  of sur face  condi t ion and material. These are then coated 

simultaneously i n  a vacuum-deposition system t o  provide nea r ly  i d e n t i -  

c a l  samples f o r  f u t u r e  tests of r e f l e c t i v i t y  and su r face  degradation. 

The process  provides a rela- 

The more comon high r e f l e c t i v i t y  and p r o t e c t i v e  

coa t ings  have been applied t o  these samples. Included a r e  unprotected 

s i l v e r ,  which r e s u l t s  from the  s e n s i t i z i n g  process  required f o r  t he  

electroforming opera t ion ,  unprotected aluminum, the same mate r i a l s  

being pro tec ted  with an overcoat of s i l i c o n  monoxide, and chromium 

i 
-" 
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FIG. 35 PLATING OF REFLECTIVITY SAMPLES 
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Four samples of each p a r t i c u l a r  coa t ing  w e r e  prepared 

simultaneously.  In some instances the  as-formed silver sur face  w a s  

l e f t  i n t a c t  and the var ious combinations of  coat ings appl ied  over the  

s i l v e r .  Other samples were made i n  which the  s i l v e r  w a s  chemically re- 

moved, leaving a r e f l e c t i v e  nickel  su r f ace  on which the  var ious  combina- 

t i o n s  of coat ings subsequently were deposited.  Specular r e f l e c t i v i t y  

measurements w e r e  made on one of each of the  four  bas i c  samples, t o  a c t  

a s  a con t ro l .  The three  remaining samples of each of the  coat ings were 

exposed t o  var ious  environmental conditions.  

It has been conclusively demonstrated by r e f l e c t i v i t y  

and performance tests that the  br ight ,  f r e s h ,  s i l v e r  sur faces  provide,  

by a wide margin, the bes t  r e f l e c t i v i t y  obta inable  f o r  s o l a r  concentra- 

t i o n .  R e f l e c t i v i t i e s  of 94 t o  96 percent  i n  t h e  wavelengths of i n t e r e s t  

f o r  space power systems are  not Uncommon. Unfortunately,  exposed s i l v e r  

su r faces  degrade very rapidLy under normal environmental condi t ions with 

a r e s u l t a n t  drop i n  r e f l e c t i v i t y .  Among t he  more promising coa t ings  are 

vacuum-deposited aluminum (which i n  i t s e l f  is  q u i t e  durable) and combina- 

t i o n s  of vacuum-deposited aluminum overcoated with s i l i c o n  monoxide, which 

lends a f a r  g rea t e r  pro tec t ion  against  sc ra tch ing  and abrasion.  Reflec- 

t i v i t i e s  obtainable  w i t h  these  coat ings range from 85 t o  90 percent .  

Table I1 l i s t s  the var ious  r e f  l e c t i v f t y  samples t h a t  

w e r e  prepared. %e s t r u c t u r a l  or s u b s t r a t e  ma te r i a l s  are l i s t e d ,  to-  

ge ther  with the  sequences of  coatings t h a t  were used. Table I11 lists 

the  r e s u l t a n t  r e f l e c t i v i t i e s  achieved on the  con t ro l  samples .  

c e r t a i n  instances there  w a s  
values  of s i m i l a r  samples. 

which caused e r r o r s  i n  readout of the  spectrophotometer. Those samples 

t h a t  were questionable were remade and subsequent t e s t s  were conducted 

t o  subs t an t i a t e  o r  co r rec t  the p r io r  information. 

In  

d i f f i c u l t y  i n  reproducing r e f l e c t i v i t y  

This was t raced  t o  warpage of the samples, 
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I TABLE I1 REFLECTIVITY TESTS 

Sample 
N u m b e r  

1 

2 

3 

4 

5 

6 

7 

:: 
9 

10 

11 

12 

13 

15 
16 

17  

18 

19 

C o a t i n g  D e s c r i p t i o n  
( O u t e r m o s t  C o a t i n g  F i r s t )  

AI3 

Silicone O i l / A g  

S i O / A g  

W a x / A g  

A 1  /Ag 

S i O / A 1  /Ag 

S i O / A l / S  i O / A g  

S i G / k i ; S i a / C r ; A g  

A 1  

S i O / A l  

S i O / A l / S i O  

S i O / A l  / S i O / C r  

*S i O / A l  / SiO/€r /Ag 

A g  
C r  P l a t e  

Rh P l a t e  

S i O / A l / S i O / C r / A g  

S i O / A l / S i O / A g  

V a c u u m  Deposited 

Subs t r a t e  
(Mirror) 

N i  

Ni 

N i  

N i  

N i  

N i  

Ni 

Ni 

N i  

N i  

M i  

N i  

Ni 

cu 
N i  

N i  

cu 
CU 

** Wax: Johnsons Metal Pro tec tor  No. 6143 (Permacoat60). 
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Sample 
funher 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

15 

16 

17  

16 

19 

Coating Description 
Outermost Coating F i r s t  

Substrate  Last  

Ag/Ni 

S i l icone  Oil/Ag/Ni 

SiO/Ag/Ni 

*Wax/Ag/Ni 

A 1  / Ag / N i  

SiO/AI/Ag/Ni 

S i O l h l / m O / A g j N i  

S i O / A l /  SiO/Cr/Ag/Ni 

A 1  / N i  

S i O / A l / N i  

.m*SiO/Al/SiO/Ni 

SiO/Al/SiO/Cr/Ni 

SiO/Al/SiO/Cr/V . D. Ag/Ni 

Ag/Cu 

C r  (P la te )  N i  

Rh( P l a t  e) N i  

SiO/Al/SiO/Cr/Ag/Cu 

SiO/Al/SiO/Ag/Cu 

Reflectance - Percent 
.2f& .5%* 1.2% 2.0% 

20.9 

22.7 

5.1 

-1 

86.8 

27.9 

5.8 

28 .1  

84.8 

34.2 

36.5 

27.7 

36.8 

16.2 

51.6 

59.4 

40.9 

45 .O 

93 -5 
93.3 

93.7 

46 .O 

92.1 

83.8 

85 .Y 

75 -4 
88.6 

87.3 

77.2 

87 - 2  

89 -5 

97.1 

67.3 

82 .O 
87.5 

88.1 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

89.9 

90.7 

97 -0 

71.4 

99.2 

95.1 

99.5 

87.0 

78 -0 

80.9 

95.6 

96.7 

95.4 

98 .O 
60.9 

88.1 

84.2 

89.6 

90.1 

89 -9 

91.6 

84.4 

97.5 

97 .o 
98.4 

86 -9  

81.5 

87.8 

94 .a 
95.2 

95.7 

94.2 

76.9 

94.0 

93.7 

91.8 

Emphasis i s  placed on t h e  readings a t  0 . 5 5 ~  because t h e  preponderance 
of s o l a r  energy i s  found i n  t h a t  wavelength a rea .  

.M: Wax: Johnsons Metal Pro tec tor  No. 6143 (Permacoat 60) .  

** Val id i ty  of da ta  i s  questioned because of poor c o r r e l a t i o n  with o ther  
SiO/Al/SiO resul ts .  
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i s  a mult iple  f i l m  of cerium dioxide and magnesium f luo r ide  or cerium 

dioxide and s i l i c o n  monoxide. Considerable work with these  f i lms  has  

been accomplished by the  U.S. Army Research and Development Labora- 

tories at  Fort Belvoi r ,  Virginia .  Details of t h i s  work a r e  reported 

i n  a paper e n t i t l e d  ' 'Optical Proper t ies  and St ruc ture  of Cerium 

Dioxide Films" by G .  Haas, J . B .  Bamsey, and R .  Thun, Ref. Journal  of 

the  Opt ica l  Society of America, Vol. 48, No. 5 ,  324-327,  May, 1958. 

These coa t ings  show exce l l en t  abrasion and cor ros ion  r e s i s t a n c e ,  even 

when exposed t o  s a l t  water spray, o r  when boi led  i n  a 10 percent  NaCl 

G u L ~ L ~ ~ ~ ~  LUL ~ C V C I L ~ ~  houfs ,  according t o  the  au thors .  The r e f l e c t a n c e  

of the  metal r e f l e c t i v e  l a y e r  can  be  increased over a broad s p e c t r a l  

reg ion  by using p a i r s  of these  d i e l e c t r i c  f i lms  with a l t e r n a t e l y  low 

and high indexes of r e f r a c t i o n .  

wavelength th i ck  and m u s t  be applied i n  t h e  sequence of r e f l e c t i v e  

m e t a l ,  low-index f i lm ,  high-index f i lm .  The v i s i b l e  r e f l e c t a n c e  of 

norinal evaporated aluminum is  approximately 90 percent  i n  the  v i s i b l e  

, , l . . C - . - -  A?-- 

The f i lms  are e f f e c t i v e l y  one-quarter 

range.  

can achieve a maximum ref lec tance  of 96 percent a t  0 . 5 5 ~  and can 

be more r e f l e c t i v e  than uncoated aluminum a t  most wavelengths of t he  

v i s i b l e  spectrum. Such r e s u l t s  have been demonstrated by t h e  work 

G .  Haas and a s soc ia t e s  a t  Fort  Belvoir ,  Vi rg in ia .  The r e s u l t s  of a 

The same sur face ,  coated with the  p a i r s  of d i e l e c t r i c  f i lms ,  

of 

thermal test cons i s t ing  of photospectrometer readings of samples under- 

going f i f t e e n  24-hour cycles  from ambient temperature t o  500°F with a 

&-hour cool ing period during each cyc le  a r e  presented i n  Table I V .  

It i s  apparent t h a t  t he  unprotected s i l v e r  sur faces  

degraded very r ap id ly  during temperature cyc l ing  and, i n  the  case  of 

s i l v e r  on an electroformed copper s u b s t r a t e  , the  r e f l e c t i v e  sur face  

completely degrades i n  a very shor t  number of cyc le s .  It was d e t e r -  

mined tha t  t he  presence of s i l v e r  a s  one of the  underlying coa t ings  
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(15 500'F CYCLES) 

Sample 
Number 

1 

2 

3 

4 
5 

6 

7 

8 

9 

10 

~~ 

Coating Description 
Outermost Coating First 

Substrate Last 

Ag/Ni 

Silicone Oil/Ag/Ni 

SiO/Ag]Ni 
* Wax/Ag/N i 
Al/Ag/Ri 

SiO/Al/Ag/Ni 
SiO?P,1/SiC]Ag/Mi 

SiO/Al/SiO/Cr/Ag, di 

A1 /Ni 

SiO/Al/Ni 

Reflectance - Percent 

1.4 

<1 

1 .o 
<l 

25.5 

41.4 

13.6 

26.7 

59.3 

45.8 

.e 

3.2 10.8 

- 3 - 8  11.8 
- 

- 3 -0 7 .o 
- 4 . 9  12.4 

- 40.4 62.8 

- 71 -8 80.5 

85.4 89 .1  

79.1 78.5 

85.3 82.7 
- 82.2 76.2 

- 
- 
- 

13.2 

21.7 

8 -6 
14.8 

74.1 

94 .r: 
96.8 

88.2 

82.2 

78.8 

*Wax: Johnsons Metal Protector No. 6143 (Permacoat 60). 

2100-Final 92 



rapid degradation than occurred in 

er egproxhtefy 

t the testing. 

An t i o n a l  sample of each of the coa t ings  was ex- 
ide emirontitent on the roof of the  buifding f o r  an  ex- I 

_ _  - 

A h r  tea weeks exposure the  s a q f e s  w e r e  t a b  i n  f o r  c leaninn be- 
" 

w a s  

ed t 

e n t r a t u r s  ' 

One p r  

e f o r  e l e c  

coa t ings  on the master before  formation of the  electrafonrted r e f f e c -  

t ive- face  skin i tsel f .  Experimental s t u d i e s  of this =tare hawe been 

s M l l - s t a l e  samples, with r e l a t i v e  success .  During t h e  course of 

I the subject program at E O S ,  a v a r i e t y  of d i f f e r e n t  predepositeft corn- 

binations Y 

I prUG4%SS with a part l aye r  such as silver or copper. 

e desired pro tec t ive  and reffective coa t ings  w e r  
%t, 

i 
I n process. Typical coa t ings  t h a t  were t r i e d  ex- 

perimental ly  included, i n  order ,  a S i 0  p r o t e c t i v e  l aye r ,  an A1 r e f l e c -  

t i v e  layer ,  a second Si0 layer  to produce a p r o t e c t i v e  sandwich €or  the I 
aluminum r e f l e c t i v e  l aye r ,  and a conductive or sen6 
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FIG. 36 REFLECTIVITY SAMPLES - ROOFTOP EXPOSURE 
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as s i l v e r ,  copper or  n i cke l ,  as the  bas i s  f o r  subsequent electroforming. 

A number pf sampleshave been produced on which electroforms of both 

n i cke l  and coppe e been e lec t rodepos i ted  t o  the  thickness  required 

for r e f l ec t ive - f ace  sk ins .  Af te r  pa r t ing ,  the  o r i g i n a l  s i l v e r  or cop- 

per p a r t 5 w l a y e r  w%s removed from the  f r o n t  sur face  of s i l i c o n  momx- 

i de ,  leaXing the cotnpfeted mirror  w i t h c o a t i n g s  f i rmly  adherent .  

-- TI-& process  has  g r e a t  promise, s ince  the  r e f l e c t i v e  

comp~eiefy  p r o t  mirror  is e s s e n t i a l l y  co 
~ - - ~ -  

p l e t e  *on ~ removal from the  master. 

l ack  of adhesion due t o  poor c leaning p r i o r  to normal r e f l e c t i v e  f i l m  

deposi t ion exists. %ere are c e r t a i n  problems assoc ia ted  with t h i s  

technique, however, and f o r  large s i z e  concentrators  the f a c i l i t y  re- 

quirements necessary t o  put  down these se l ec t ed  films in  a con t ro l l ed  

No-poss ib i l i ty  of s t a i n i n g  or 

manner on the  master a r e  severe.  

4.1.3 Coating itdfiesion and Durabi l i ty  Studies  

ate n o m 1  test f o r  adhesion of vacuum-deposited 

c u a t i n e - i s  t he  "s te tch Tape" test. In  t h i s  tes t  a f r e s h l y  exposed 

su r face  of the  adhesive s i d e  of cellophane tape is appl ied  t o  the  

coated sur face  and pressed f i rmly  i n t o  place.  ate tape is then jerked 

away rap id ly ,  exe r t ing  maximum p u l l  on the  coat ing.  

severe test, and i f  the  coat ings remain i n t a c t  and do not  come off with 

the  tape,  the  coat ing is considered to  be f i rmly  adherent.  A number of 

a l t e r n a t i v e  methods f o r  t e s t i n g  the  d u r a b i l i t y  of f i lms  have been in- 

ves t iga t ed  but  none appear to  be p r a c t i c a l  f o r  measuring the  small 

v a r i a t i o n s  i n  adhesion that.may exist. A l l  the  tests appear t o  be 

Since this "Scotch Tape" test appears t o  be a 

Ibis is a r e l a t i v e l y  

go no-go*' devices.  I t  

standard method f o r  t e s t i n g  coat ings wi th in  the  o p t i c s  indus t ry ,  i t  

w a s  employed f o r  t e s t i n g  the adherence of coat ings produced on the  

cu r ren t  program. It is hoped tha t  add i t iona l  and improved adherence 

t e s t i n g  techniques may be developed i n  the  fu tu re .  

4.1.4 P la ted  Coatings 

As previously mentioned, both chromium and rhodium 

p ro tec t ive  overcoatings appeared t o  give maximum pro tec t ion  aga ins t  
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degradat ion caused by exposure, cleaning, handling, etc .  

f l e c t i v i t y  c h a r a c t e r i s t i c s  are, however, somewhat lower than f o r  

Their re- 

aluminum su r faces .  The bas i c  r e f l e c t i v i t i e s  of rhodium 

and chromium sur faces ,  over a wide v a r i e t y  of wavelengths, are shown 

. '€he r e f l e c t i v i t y  of both materials can  be increased con- 
- _  

s ide rab ly  by use of r e f l e c t i v i t y  increas ing  f i h  combinations of pairs 

of dielectric f i lms  such a s  the  aforementioned Ce02 and WF2. 

4.1.5 Methods of Protec t ion  and Cleaning 

W i n g  exposure of t h e  r e f l e c t i v e  su r faces  t o  test 

condi t ions  and s to rage  f o r  prolonged per iods  of t i m e ,  it became evident  

t h a t  c leaning  procedures which would not m a t e r i a l l y  degrade the  re- 

flective q u a l i t i e s  of the concentrator surfaces w e r e  necessary. 

var ious  d i e l e c t r i c  f i lms  and overcoating wi th  S i0  o f f e r  s u b s t a n t i a l  

p ro t ec t ion .  

c a r e  is exerc ised  t o  prevent d e f i n i t e  abrasion. Unprotected su r faces  

of silver o r  aluminum can be wiped c a r e f u l l y  wi th  de te rgent  and, i n  

some cases, even pol i shed  with chalk o r  rouge t o  r e s t o r e  the r e f l e c -  

t i v i t y  t o  i t s  o r i g i n a l  value.  It has been determined t h a t  silver 

sur faces  can be cleaned a number of t i m e s  t o  r e s t o r e  r e f l e c t i v i t y  and, 

although numerous v i s i b l e  sleaks appear a f t e r  t he  c leaning  opera t ion ,  

t he  r e f l e c t i v i t y  va lues  and performance va lues  a r e  not a f f e c t e d  

appreciably by the  mul t ip l e  cleaning opera t ions .  m e r e  is  no doubt 

t h a t  t hese  sleaks and minute scra tches  would cause a degradat ion i n  

the  specular c h a r a c t e r i s t i c s  f o r  t he  s h o r t e r  wavelengths, bu t  t h e r e  

appears t o  be  no appreciable degradation of performance a s  r e l a t e d  t o  

s o l a r  concent ra t ion .  

Ihe  

Surfaces so t r e a t e d  can be washed o r  wiped as long as 

4.1.6 Detailed Procedure - Gleaning of t h e  Ref l ec t ive  
Surface of a Concentrator 

1. Wash t h e  sur face  with a s u i t a b l e  so lvent  such as acetone, 

alcohol o r  t r i c l o r e t h y l e n e .  

2 .  Wash with a mild detergent ( e . g . ,  Dref t  or equiva len t )  1 / 2  

cup per ga l lon  of lukewarm water. U s e  co t ton ,  swabbing 

very c a r e f u l l y  s o  a s  n o t  t o  defoim t h e  t h i n  mir ror  sk in .  
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3 .  Rinse with d i s t i l l e d  water. 

-4- Repea t  the detergent  wash i f  requi red .  

5. I f  necessary f o r  fur ther  c leaning ,  

chalk powder. Carefully swab with 

6. ~ Xl’nse-wttth d i s t i l l e d  water and dry 

apply calcium carbonate 

co t ton .  

with a w a r m  a i r  blower. 

4 .1 .7  Sublimation Coatings 

GoEtfideration i s  being given 

coa t ing  the  as-formed s i l v e r  surfaces  with a 

a t e  o r  sublime under space condi t ions.  This 

to  the  p o s s i b i l i t y  of 

ma te r i a l  t h a t  w i l l  evapor- 

would allow p ro tec t ion  of 

t he  s i l v e r  r e f l e c t i v e  surfaces  during handling and s torage  and through 

launch condi t ions u n t i l  the  normal e a r t h  environment (which appears t o  

be  t h e  degrading f a c t o r  r e l a t i v e  t o  the  r e f l e c t i v e  q u a l i t i e s  of t he  

s i l v e r  surfaces)  i s  l e f t  behind. The subsequent evaporation o r  sub- 

l imat ion of the  p ro tec t ive  layer  would leave an exposed s i l v e r  sur face  

wi th  reaximum r e f l e c t i v e  p rope r t i e s .  

4.2 App l i c a t i o n  of Pro tec t ive  CoatinRs 

It has become evident  from the  experimental  work performed t o  

da t e  t h a t  the  techniques required f o r  app l i ca t ion  of r e f l e c t i v e  and pro- 

t e c t i v e  layers  by the vacuum-deposition process a r e  not  the  same f o r  

electroformed subs t r a t e s  as f o r  g lass .  Much of the  information a v a i l -  

a b l e  concerning cleaning,  maximum adhesion, e t c .  is based on app l i ca t ion  

of coat ings t o  g l a s s ,  qua r t z ,  o r  o ther  s imi l a r  ma te r i a l s .  Cer ta in  

modif icat ions and deviat ions a r e  required f o r  the  app l i ca t ion  of satis- 

f ac to ry  coat ings t o  electroformed metal  mirrors .  

4 .2 .1  Pretreatment ,  Cleaning, e tc .  

The poss ib l e  fu ture  development of predeposi ted coat-  

ings (which w i l l  p e r m i t  the formation and removal of electroformed 

mirrors  from the  master complete with r e f l e c t i v e  and p r o t e c t i v e  coat-  

ings)  may e l imina te  the  need f o r  involved pretreatment and cleaning 

techniques. In the  meantime, however, i t  is  necessary t h a t  techniques 

and processes be developed t o  ensure t h a t  the  requi red  subsequent coa t -  

ings a r e  f i rmly  adherent t o  the r e f l e c t i v e  face .  
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Studies  were conducted t o  determine t h e  bes t  method of 

cfeanifta the r t f leca iwe f ace  of the  concentrator  prior t o  vacuum deposi-  

t i o n  of  t h e  coat ings.  

preliminary cleaning with solvent ,  de t e rgen t s ,  e tc . ,  followed by a vapor 

degrease-cycle  i n  which any one of  a number of  so lven t s  may be employed. 

Af t e r  t he  chemical c leaning processes, it appears necessary t h a t  t h e  glow 

discharxe or ion  bombardment technique be  used f o r  f i n a l  c leaning  i n  the  

vacuum chamber p r i o r  t o  ac tua l  depos i t ion  of t he  r e f l e c t i v e  cua t ings .  

Preliminary t e s t s  a l s o  have ind ica ted  t h a t  depos i t ion  

To date, the  most e f f e c t i v e  t reatment  involves  

_ _  

of an evaporated l aye r  of chromium p r i o r  t o  depos i t ion  of t he  subsequent 

r e f l e c t i v e  and p ro tec t ive  layers  ma te r i a l ly  increases  adhesion. On sam- 

p l e s  produced by t h i s  method, a s  w e i i  as on i a r g e r  mi r ro r s  < i f  precieari- 

ing  and glow discharge techniques w e r e  c o r r e c t ) ,  complete adhesion w a s  

ev ident .  I n  ins tances  where t h e  chromium laye r  w a s  not  appl ied,  it w a s  

sometimes poss ib l e  t o  remove the r e f l e c t i v e  l a y e r s  using t h e  "Scotch 

Tape" test . 
4.2.2 F a c i l i t y  Requirement 

4.2.2.1 Current EOS Vacuum Coating Equipment 

EOS has i n s t a l l e d  a completely equipped vacuum 

coat ing  f a c i l i t y  t h a t  includes a 36-inch i n s i d e  diameter chamber and re- 

l a t e d  equipment. Experiments have shown t h a t  vacuum coat ing  f a c i l i t i e s  

operated i n  the  same l abora to r i e s  i n  which t h e  p l a t i n g  i s  conducted can 

s u b s t a n t i a l l y  improve the  control  required throughout t h e  cleaning and 

coa t ing  processes .  

of t he  f in i shed  concent ra tors  can be gained. 

Maximum knowledge of techniques and q u a l i t y  con t ro l  

4.2.2.2 General Spec i f i ca t ion  - F a c i l i t y  Requirements 

The f a c i l i t y  requirements for t h e  app l i ca t ion  

of high r e f l ec t ance  and pro tec t ive  f i lms  by vacuum evaporat ion on s o l a r  

concentrators  fabr ica ted  within t h e  scope of t h i s  and p r i o r  programs are 

as follows: 
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1. 

2.  

3 .  

4 .  

5. 

Vacuum Chamber S ize .  The vesse l  ought t o  be of s u f f i c i e n t  

dianteter t o  a€low c learance  for the  work and support  s t r u c -  

t u r e s .  The he ight  should provide d i s t a n c e s  of fou r  t i m e s  

t h e  foca l  length  of the  m i r r o r  between t h e  evaporative sources  

and the work, i f  poss ib le .  Shor t e r  l e n g t h s  may be usable ,  

but r equ i r e  more e labora te  source geometries. For 5-foot- 

diameter concent ra tors ,  a minimum diameter of 6 f e e t  and 

length  of 8 f e e t  are recommended. 

Pumping Requirements. The pumping s t a t i o n  should permit ex- 

haus t ion  r a t e s  of t h e  f u l l y  loaded chamber from atmospheric 

pressure  t o  5 x 10 t o r r  (mm of Hg) i n  a period not  over 

1 3 / 4  hours. 

Gaging. 

to 5 x t o r r .  

Power Suppl ies .  The system should be equipped w i t h  continu- 

ously ad jus t ab le  power i n  ranges of 0 t o  2 0  v ac a t  7 kw and 

0 t o  5,000 v ac o r  v dc a t  1.5 kw. 

Accessories.  The system should have s u f f i c i e n t  f eedthrough 

a t  f u l l  low-voltage power, and a t  l eas t  one high-voltage e l e c -  

t rode  for  high-voltage glow power (glow discharge  r i n g ) .  

-5 

Gages should measure pressures  continuously from 1 

A valve also should be provided f o r  in t roduc-  

t i o n  of dry gases a t  con t ro l l ed  r a t e s .  

and N2 should be a v a i l a b l e .  V i e w  p o r t s  should be provided f o r  viewing 

t h e  work during processing, preferably a t  g raz ing  incidence t o  a l i g h t  

source wi th in  t h e  chamber. 

I d e a l l y ,  a supply of b o t t l e d  O2 

When poss ib le ,  t h e  following are also d e s i r -  

ab le :  

1.  Thermocouple and temperature monitoring device  f o r  work p iece  

2 .  Rotary s e a l  and source s h u t t e r  arrangement 

3 .  Low curren t  instrument feedthroughs 

4 .  V i e w  po r t  fo r  observation of evapora t ive  sources  
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4.3 Exis t ing F a c i l i t i e s  

There are at  l e a s t  e ight  c-rcial vacuum coa t ing  chambers 

i n  Ca l i fo rn ia  of approximately s i x  f e e t  i n  diameter,  which are per iodic-  

a l l y  ava i l ab le  f o r  h i r e .  Examples are chambers operated by the fol lowing 

companies. 
__ -~ 

1. Vacuum Metal l iz ing Company, Van Nuys, Ca l i fo rn ia  

2 .  Mirra-Cote Company, Inc. ,  E l  Segundo, Ca l i fo rn ia  

3. Optical Coating Laboratories,  Santa Rosa, Ca l i fo rn ia  

4 .  P l a s t i c  Dress-Up Company, E l  Monte, Ca l i fo rn ia  

5. P l a s t i c  Coat, Inc. ,  Culver Ci ty ,  Ca l i fo rn ia  

~ __ 

Commercial equipment u s u a l l y  must be cleaned before  concen- 
trators be coated. c----:- b C L L O A l L  d L L C 3 3 U L l C 3 ,  - ^ ^ ^ ^ ^ - -  2 - -  Such as a discharge 

r ing ,  usua l ly  must be provided by the  customer, who customarily does 

m o s t  of t he  work. 

Vacuum coa t ing  equipment is  possessed by the  major astronomical 

observa tor ies  f o r  coa t ing  t h e i r  t e lescope  lenses .  The obse rva to r i e s  

have been r e luc t an t  t o  consider having the  chambers used f o r  a r e l a t i v e l y  

r o u t i n e  coa t ing  prucedure t h a t  could be accommodated by t h e  comnercial 

u n i t s .  It i s  an t i c ipa t ed  tha t  f o r  the  coa t ing  of l a r g e r  concent ra tors  

i n  the  f u t u r e  these  people may be  approached 

are i n  exis tence:  
1. 200-inch diameter capacity chamber 

Cal i forn ia .  (contact Lk. Bowen) 

2.  100-inch diameter capaci ty  chamber 

(contact  D r .  Bowen) 

3. 120-inch diameter capaci ty  chamber 

(contact  Dr . Whit f ord) 

. The fol lowing chambers 

a t  M t .  

a t  M t .  

a t  M t .  

Pa 1 mar Observatory , 

Wilson, Ca l i fo rn ia  

H a m i l  ton,  C a l  i f  o m  ia 

4. 84-inch diameter capaci ty  chamber a t  K i t t s  Peak, Tuscon,Arizona 

(contact  D r .  P ie rce)  

Certain of the l a rge  aerospace companies have t h e i r  own vacuum 

coat ing  equipment. 

wood, Ca l i fo rn ia ,  possess a chamber of approximately 10-foot diameter 

capac i ty .  It is  usual ly  r e s t r i c t e d  t o  in-house use .  

For example, Thompson-Ram-Wooldridge, h c . ,  Ingle-  
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5. FABRICATION, COATING, AND TESTING OF 5 -FOOT-DIAMETER CONCENTRATORS 

One of the primary objec t ives  of the  program was t o  demonstrate t h e  

a p p l i c a b i l i t y  of the  various small-scale s t u d i e s  and the  p l a t i n g  testing 

done- during the f i r s t  two-thirds of the  P T O ~ T ~ ~  t o  the iwprovement af 

5-foot-diameter concentrator  design and f a b r i c a t i o n  techniques.  

of t he  ever-present quest ion of v a l i d i t y  i n  s c a l i n g  i n  t h i s  type of de- 

Because 

s ign  and f a b r i c a t i o n ,  fo r  which very l i t t l e  a n a l y t i c a l  work has  been done, 

?IO r e a l i s t i c  s t r u c t u r a l  evaluat ions could be made on the  small-scale  

specimens. 

a c t u a l  environmental and s t r u c t u r a l  t e s t i n g  and would incorpora te  r e f l e c -  

t i v e  sur faces  of enough area t o  a s su re  the  v a l i d i t y  of ca lo r ime t r i c  test- 

-. m e  I'atricatieii of 5 - f m t - d i m e t e r  concentrators  would a l low 

ing of concentrator  e f f i c i enc ie s .  

5.1 Program Schedule 

5.1.1 Fabr ica t ion  

The following 5-foot-diameter experimental s t r u c t u r e s  

were programed t o  be fabricated during the  f i n a l  4 months of  the  tech-  

n i c a l  work: 

1. A preliminary n icke l  tes t  sk in  f o r  t he  purpose of developing 

techniques f o r  preparing the mandrel f o r  the  r o l l e d  edge. 

This  p l a t i n g  was t o  be  done with the  master i n  the  bottom 

of the  tank i n  a s t a t iona ry  holding f i x t u r e ,  convex s i d e  up, 

without r o t a t i o n .  Agitat ion was to  be provided by a gusher 

system. I f  the  skin was usab le ,  i t  was t o  be incorporated 

i n t o  i t e m  2 .  

2 .  The f i r s t  complete concentrator with a back-mounted t o r u s ,  

which was t o  be a proof mirror .  It was t o  include t h e  n i c k e l  

sk in  ( i t e m  1) and an economical t o r u s  convent ional ly  f a b r i -  

cated of aluminum. The main ob jec t ive  was t o  t es t  techniques 

f o r  mandrel development between s k i n  and t o r u s .  This u n i t  
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4, 

5 .  

6 .  

7. 

8 .  

a l s o  would be  p la ted  using the  s t a t iona ry  holding f i x t u r e .  

&e or more nickel  test  skins ,  t o  be p l a t ed  using t h e  new 

r o t a t i o n a l  equipment for the purpose of proving techniques 

and anode arrangements pecul ia r  t o  t h e  r o t a t i n g  a g i t a t i o n  

approach. Mater ia l  d i s t r i b u t i o n  w a s  to be measured and, as 

required,  add i t iona l  p l a t ings  conducted u n t i l  t he  d i s t r i b u -  

t i o n  w a s  s a t i s f a c t o r y .  

The first a l l - n i c k e l ,  a l l -e lectroformed concent ra tor .  Em- 

phasis  was t o  be placed on proving f a b r i c a t i o n  techniques.  

The secondary objec t ive  was l o w  s p e c i f i c  weight. The r o t a t -  

ing  equipment was t o  be used on t h i s  and subsequent p l a t i n g s .  

~ 

ctiier Iifckei test ~ k i i l s ,  as required, for i-5eckfng adji;st- 

ments i n  procedure encountered while producing i t e m  4. 
The second a l l -n i cke l ,  a l l - e l ec t ro f  ormed concent ra tor .  Ultra- 

low s p e c i f i c  weight was t o  be approached w i t h  th i s  u n i t .  Be- 

cause i t s  f a b r i c a t i o n  was scheduled f o r  the n i n t h  month of 

e f f o r t ,  it was t o  incorporate  a l l  improvements i n  p l a t i n g  param- 

eters and techniques found in t h e  earlier work. 

One o r  more copper test s k i n s ,  t o  be p la ted  with the  r o t a t i n g  

equipment f o r  the  purpose of proving techniques and anode 

arrangements pecul ia r  t o  the  r o t a t i n g  a g i t a t i o n  approach. 

As i n  the  case of n icke l ,  the  ma te r i a l  d i s t r i b u t i o n  was t o  

be optimized . 
An al l -copper ,  a l l -e lectroformed concentrator .  The primary 

aim was to  dupl ica te  the q u a l i t y  r e s u l t i n g  from t h e  work i n  

n icke l  by using the  same b a s i c  design,  i f  poss ib le .  The 

secondary goal was t he  lowest s p e c i f i c  weight cons i s t en t  

with s t r eng th  requirenents .  Inasmuch a s  it was t h e  l a s t  

scheduled electroform,  the f ab r i ca t ion  w a s  t o  incorpora te  the  

r e s u l t s  from the  experimental copper physical  p rope r t i e s  

t e s t i n g .  
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5.1.2 Coating and Test ing 

~ ~ The th ree  concentrators  w e r e  t o  be given vacuum de- 

pos i ted  coa t ings  p r i o r  t o  t e s t ing .  

be se l ec t ed  a f t e r  t h e  r e s u l t s  of t he  advanced coat ing s t u d i e s  w e r e  

ava i l ab le .  Each concentrator  was t o  be t e s t e d  f o r  e f f i c i ency  using an 

EOS s o l a r  t r acke r .  

a calor imeter  and energy readings taken while  t he  mir ror  w a s  o r ien ted  

wi th  the  sun. The r e s u l t a n t d a t a  is presented i n  t h i s  report. 

The t h i n  f i lms  t o  be used w e r e  t o  

The axis and focal  po in t  w e r e  t o  be a l igned  with 

- ~ 

5.2 Preliminary Design Concept 

Based on pas t  information obtained from performance, shake 

and v ib ra t ion  t e s t i n g ,  and small-scale s t u d i e s  conducted during t h e  

e a r l y  por t ions  of t h i s  program, a Preliminary desigri coiicspt far the 

5-foot-diameter concentrators  was developed. 

involved s impl i c i ty ,  s t r u c t u r a l  i n t e g r i t y ,  minimum weight, minimum com- 

p l e x i t y  of too l ing  and electroforming techniques,  and a mult i tude  of 

o the r  f a c t o r s .  

torus-rigidized,5-foot-diameter concent ra tor  t h a t  r e su l t ed .  

Prime f a c t o r s  considered 

Figure 38 shows t h e  prel iminary design concept f o r  the  

The all-electroformed to rus  w a s  a t tached  t o  t h e  rim of t h e  

r e f l e c t i v e  sk in  i n  a rear-mounted pos i t i on .  The t o r u s  has t h ree  

mounting, o r  support ,  points  spaced 120 , o r  equ id i s t an t ,  a p a r t .  Nec- 

essary r i g i d i z i n g  f o r  the  torus  a t  po in ts  of attachment f o r  mounting 

was provided by e lec t roformed- t rans i t ion  sec t ions  t h a t  w e r e  incorpor- 

a ted  as an i n t e g r a l  pa r t  of the to rus .  

t r a n s i t i o n  sec t ions  a r e  shown i n  F ig .  39. A l igh tweight ,  s t a i n l e s s  

steel , threaded s leeve  w a s  encapsulated by a "grow-in" technique i n  

the  t o r u s - t r a n s i t i o n  sec t ion ,  which has a tapered w a l l  th ickness  pro- 

viding even d i s t r i b u t i o n  of loading from t h e  po in t s  of attachment t o  

the  torus  i t s e l f .  An electroformed, continuous to rus  w a s  grown over 
the  t r a n s i t i o n  sec t ions  while  they w e r e  accura te ly  posi t ioned on an 

alignment and r o t a t i o n  f i x t u r e .  This concept produced a t o r u s  s e c t i o n  
considerably l i g h t e r  than those previously achieved f o r  60-inch-dim- 

e t e r  concent ra tors .  

0 

The attachment po in t s  and 
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5.3 Fabricat ion of Test Skins and Concentrators 

~ 5.11 Preliminary Nickel Tes t  Skin 

An experimental rad ius  edge r e f l e c t i v e  sk in  w a s  e l e c t r o -  

formed with the  s t a t iona ry  holding f i x t u r e  previously employed f o r  

f a b r i c a t i o n  of concentrators  of t h i s  s i z e .  

f a b r i c a t i o n  w e r e  t o  work out d e t a i l s  of too l ing ,  mandrels, and o the r  

spec ia l  ~ equipment -~ required t o  form t he  r o l l e d  edge on the  5- foot -d im-  

eter master and t o  eva lua te  the new problems t h a t  would be  encountered 

i n  p l a t i n g  a t  t h i s  s ca€e .  Some of  t h e  mandrel too l ing ,  the  wax config-  

u r a t i o n  a t  the  r i m ,  and the  technique of s e n s i t i z i n g  t h e  wax with s i l v e r  

amalgam a r e  shown i n  Fig. 40. Cathode power transmission was accomplished 

wi th  a clamp r l a g  attache:! t:: the cuter rim of the  mir ror  master. Power 

w a s  fed t o  the  clamp r i n g  by a number of uniformiy spaced cathode wires. 

The edge rad ius  w a s  produced by t he  use  of a waxmaster  extension,  which 

w a s  uniformly machined t o  contour by a swing arm posi t ioned i n  the  cen te r  

of t h e  mirror  master. The shape of t h e  edge r ad ius  i s  shown in Sec t .  A of 
Fig. 41.  No a t t a c p t  w a s  made during t h i s  i n i t i a l  p l a t ing  t o  maintain 

an exact balance or uniformity of sk in  thickness  s i n c e  t h i s  could be 

achieved more r ead i ly  on the  pa r t s  on which r o t a t i o n a l  techniques w e r e  

used. The p la t ing  parameters a re  ou t l ined  i n  Table V. 

The ob jec t ives  of  t h e  test 

Examination of t h e  experimental 5-foot-diameter sk in  

(EOS designat ion 60-POW: R8) showed t h a t  leakage a t  the  edge had been 

el iminated e f f e c t i v e l y ,  and tha t  "edge r o l l , "  or d i s t o r t i o n  caused by 

the  reverse  r i m  and edge joining technique, w a s  l imi t ed  t o  a t h i n  band 

approximately 1/8 t o  3/16 inch wide a t  the  periphery o f  t h e  m i r r o r ,  

It w a s  expected t h a t  t h i s  edge r o l l  e f f e c t  could be f u r t h e r  minimized 

i n  subsequent p l a t i n g  and t h a t  undis tor ted  e f f e c t i v e  mi r ro r  diameters  

of approximately 59 314 inches could be provided fo r  concent ra tors  

having ove ra l l  ou ts ide  diameters of 60 inches.  

5.3.2 Preliminary Concentrator wi th  Aluminum Torus 

Work commenced during the  seventh month of t h e  program 

on f ab r i ca t ion  of the  f i r s t  complete assembly incorpora t ing  a back- 
mounted to rus  s t r u c t u r e .  Inasmuch a s  the  r o t a t i n g  equipment was not  
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TABLE V 

Replica No. 

60-POM3: R8 

60-POM3: R9 

60-POM5: R.3 

6O-PCM5: R4 

G O - W 5 :  R 6  

6 O - P C W :  R7 

60-wM5: R8 

GO-poM3: R10 

6 0 - P W :  R11 

GO-POM3: R12 

Description 

Proof mirror 

1st test skin 

2nd test skin 

3rd test skin 

1st attempt 1st mirror 

2nd attempt 1st mirror 

ER T 

s- - - 
100 

11 3 

105 

105 

1 A/. s. “7 

104 

105 

1st test skin 2nd mirror 107 

1st attempt 2nd mirror 107 

2nd attempt 2nd mirror 107 

3rd attempt 2nd mirror 107 

iT S a N S  1 
Current 

Dens (AHtp/Ft ) 

8 -0 

16.0 

15.0 

15.0 

15 .c! 

15 .O  

15.0 

17.5 

17 -5 

15.0 

15.0 

D MIRRORS* 

Anita t i on 

Gusher 

Rotation 8 rpm 
Gusher 

Rotatioc 8 r p  
Gusher 

Rotation 8 rpm 
Gusher 

Rotation 8 rpm 
Gusher 

Rotation 8 rpm 
Gusher 

Rotation 8 rpm 
Gusher 

Rotation 8 rpm 
Gusher 

Rotation 8 rpm 
Gusher 

Rotation 8 rpm 
Gusher 

* 
All plated in tank 1, containing a nickel sulfamate bath as described 
in Section 3. 
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complete and the  experimental goal w a s  l imi ted  t o  proving of the  sec- 

ondary p l a t ing  of t h e  t o r u s  flange, the  dec is ion  w a s  made t o  cont inue 

the  procedure of  using the  s t a t iona ry  master and anode holding f i x t u r e  

a s  shown i n  F i g . 4 2 ,  t h e  same arrangement as w a s  used i n  t h e  p l a t i n g  

of t he  preliminary test  skin.  

pa r t ing  i t  from the  master.  

The sk in  w a s  used d i r e c t l y ,  without 

The mandrel configurat ion between sk in  and torus w a s  

poured and shaped. The torus flange of the  assembly was then p l a t ed  a s  

shown i n  Sect .  B of F ig .  41, and a s  i l l u s t r a t e d  i n  Fig .  43. A continuous 

ba r  anode around the  e n t i r e  pa r t  was used. 

and cur ren t  dens i ty  of 8 amp/ft 

sk in .  
minimizing edge buildup on the  p l a t ing  . 

Bath temperature of 100°F 
2 

were the  same a s  i n  the  p l a t i n g  of the  

A robber s t r i p  on the  masked to rus  was employed success fu l ly  i n  

Af te r  t he  mirror w a s  par ted from t h e  master, t h e  clean-  

Two methods of mandrel vax removal w e r e  i n g  procedures were undertaken. 

t r i e d .  One method used r ad ian t  heat  and a warm a i r  blower, as shuwn i n  

Fig.  44. 

p le t ed  swivel f i x t u r e  (Fig. 18) and revolving t h e  t i l t e d  r i m  i n  a warm 

so lvent  bath. 

The o ther  involved mounting the  concentrator  on t h e  newly corn- 

For two reasons it  w a s  determined t h a t  t he  volume of  

w a x  used i n  the  mandrel would be reduced i n  following experiments. F i r s t ,  

t h e  r i m  parted s l i g h t l y  from the  master along about one-fourth of i t s  

periphery during the  to rus  flange p l a t i n g ,  which permitted leakage be- 

tween t h e  concent ra tor ' s  r e f l e c t i v e  sk in  and the  master. This  leakage 

must never be permitted,  because it s t a i n s  the  sk in  i n  a way t h a t  is 

o p t i c a l l y  degrading. 

have contr ibuted t o  t h e  premature pa r t ing  and shrinkage. 

The excessive wax sec t ion  i n  t h i s  experiment may 

The second reason f o r  lowering the  quant i ty  of wax is  

t o  decrease the  cleaning time. 

been aggravated by an extended t i m e  span between p l a t i n g  of t h e  s k i n  

and f i n a l  attachment of the  torus ,  a r e s u l t  of the  experimental na tu re  

of the  work. Emphasis was placed on e l imina t ing  or reducing the  t i m e  

l a g  between p l a t ing  s t ages  on the subsequent mir rors .  

The leakage condi t ion  appears t o  have 

21 00-Final 110 



FIG. 4 2  STATIONARY HOLDING FIXTURE AND ANODE ARRAY 
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FIG. 44 WAX REMVAT,, AND CLEANING TECHNIQUE 
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5 - 3 . 3  T e s t  Skins for Proof inp, Rotat ing Equipment 

Work commenced i n  preparing t h e  new r o t a t i n g  apparatus,  

which had been completed, Tho master (EOS 60-POM 3) w a s  t r a n s f e r r e d  

from t h e  s t a t iona ry  holding f i x t u r e  t o  the  new assembly with i t s  r i m  

bonded i n t o  the  aluminum holding ring, a s  shown i n  F i g . 4 5 .  The com- 

p le ted  assembly w a s  checked for  concen t r i c i ty  and r e l i a b i l i t y  o f  t he  

variable- speed motor and d r ive  l i n e  i n  var ious  a t t i t u d e s .  

anode array w a s  assembled i n  a conical  conf igura t ion  as shown i n  F ig .  

49. 
p l a t i n g  a t  a somewhat higher  current  dens i ty  than formerly ( a  r e s u l t  of 

f ind ings  of the  program's physical p rope r t i e s  s t u d i e s ) .  The master w a s  

prepared For the  cesrr sk in  p la t ing .  Tiir wax coiifigiiiation YE:: prepared 

for electroforming another skin, as shown i n  Sec t .  A of F ig .  41. 

of 16 amp/ft2 t o  a nominal thickness of 0.009 inch. Rotat ion was set 

a t  8 rpm, equivalent  t o  a r i m  speed o f  125 f e e t  per minute. A f i l ter  

o u t l e t  gusher, as shown i n  Fig. 49,  a l s o  w a s  used. 

A conforming 
~ 

The p la t ing  bath was tes ted  and modified t o  permit near-zero stress 

0 The p a r t  was p la ted  a t  113 F and a t  a cu r ren t  dens i ty  

In  par t ing  the master suddenly cracked i n  an a rea  

about  the  center .  However, the sk in  was usable  f o r  t he  scheduled ex- 

periment--sectioning fo r  checking the  ma te r i a l  d i s t r i b u t i o n .  F ig .46  

i l l u s t r a t e s  a typ ica l  measurement loca t ion  p a t t e r n  f o r  these  sk ins .  

Af t e r  being marked i n  the  manner shown, the  sk in  was cu t  up along the  

th ree  planes shown and the  sk in ' s  thickness  w a s  measured with a microm- 

eter a t  each of t h e  marked s t a t i o n s .  With a ba l lpo in t  micrometer, even 

the  r i m  groove a r e a  was examined. Because of  t he  very even r a d i a l  d i s -  

t r i b u t i o n  t h a t  r e su l t ed  from ro ta t ing  t h e  master over t h e  anode a r r a y ,  

only one plane 's  readings of each sk in  i s  given i n  Table V I .  

The f i r s t  skin ( 6 O - P W :  R 3 )  was found t o  be heavy 

near the middle, so a mask was placed across  the  middle of t h e  anode 

ar ray .  The cracked master was removed from t h e  too l ing  and another 

master (60-POM 5 ) w a s  put i n  place.  It w a s  decided t h a t  a l l  subsequent 

test  sk ins  would be made a t  a reduced th ickness ,  inasmuch as t h e  d i s -  

t r i b u t i o n  r a t i o  would be the  same. 
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FIG. 45 COMPLETeD MASTW ON HOLDING FIXTURE, 
ATTACHED TO ROTATING EQUIPMENT, 
PREPARATORY TO TORUS FLANGE 
PZATIE 

FIG. 46 TYPICAL MEASUREMENT 
LOCATION PATTERN 
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The second p la t ing  w a s  prepared and s t a r t e d ,  only t o  

be quickly in te r rupted  by some of t he  s e n s i t i z i n g  s i l v e r  f a l l i n g  away 
I 

from t h e  g l a s s ,  r e s u l t i n g  i n  a sharp drop i n  amperage de l ivered .  The 

t h i r d  test sk in  w a s  successfu l ly  p la ted  and ind ica ted  t h a t  most of t h e  

requi red  co r rec t ion  i n  ma te r i a l  d i s t r i b u t i o n  had been obtained.  

anode mask w a s  widened and a four th  sk in  w a s  p la ted .  This e lectroform 

(60-€"5: B5) w a s  considered cor rec t  i n  d i s t r i b u t i o n .  This  sk in ,  l i k e  

i t s  predecessors,  w a s  given comparison tes ts ,  including v i s u a l  inspec-  

t i o n  f o r  s i m i l a r i t y  t o  high s t rength  test specimens, f o r  cracking and 

d u c t i l i t y .  

The 

5.3.4 The F i r s t  All-Nickel Concentrator 

w h i l e  +he aforementioned tes t  s k i n s  w e r e  being p l a t ed ,  

o t h e r  work had been i n  progress on preparing and p l a t i n g  two l igh tweight  

t o r i  f o r  t h e  complete concentrator assemblies.  

technique w a s  incorporated i n  t h e i r  design i n  two s t ages .  F i r s t ,  a 

s t a i n l e s s  steel s tud  i n s e r t  w a s  encapsulated i n  t h e  t o r u s  sec t ion  as 

shown i n  Fig. 47. 

I 
1 

The "grown-in" p l a t i n g  

I 

The t o r u s  sect ion w a s  electroformed using an  anode 

arrangement t h a t  would r e s u l t  i n  a tapered depos i t ,  measuring j u s t  0.002 

t o  0.003 inch i n  thickness  a t  i t s  ends t o  about 0.012 inch th ickness  I 

adjacent  t o  the  encapsulated s t a i n l e s s  steel s tud  i n s e r t .  Tota l  l ength  

of the  sec t ion  a f t e r  trimming i s  10 314 inches.  The sec t ion  w a s  p l a t ed  

i n  a bath of t h e  s a m e  composition as t h e  bath used f o r  p l a t i n g  t h e  to rus  

i n  which it w a s  incorporated.  P la t ing  parameters a l s o  were s i m i l a r .  

A f t e r  electroforming, t he  mandrel w a s  e tched out  of t he  s e c t i o n  wi th  

ac id  and the  sec t ion  w a s  cleaned. 

I 
, 

I 

For each to rus ,  t h r e e  of t h e  s e c t i o n s  w e r e  b u i l t  i n t o  

a mandrel as shown i n  F ig .  48 with pol ished aluminum tubing between t h e  

sec t ions .  

I n  the  n i cke l  to rus  mandrel, 1/8-inch-diameter ho le s  

were then d r i l l e d  i n  a staggered p a t t e r n  1 / 2  inch  a p a r t  around t h e  ou t -  

s i d e  of t he  mandrel, which would r e s u l t  i n  ho les  i n  the  p la ted  t o r u s  
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FIG. 47 ELECTROFORMED TORUS MOUNTING SECTIONS 
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FIG. 48 COMPLETED TORUS MANDREL 
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(as shown i n  Fig. 48). This was not  done i n  the case of the  copper to rus ,  

because the  p l a t ing  c h a r a c t e r i s t i c s  of t he  copper su lpha te  r e s u l t  i n  

excess buildup of deposi ted copper on the  edges o f  t h e  holes .  

fo re ,  i n  t h i s  case  t h e  ho le s  were d r i l l e d  a f t e r  p l a t ing .  

There- 

The torus  w a s  then p l a t ed ,us ing  a s e c t i o n a l  anode ar 

array.  P l a t ing  parameters f o r  a l l  t o r i  produced during the program 

are out l ined  i n  Table V I I .  A f t e r  p l a t i n g ,  the  torus  w a s  lowered i n t o  

an  acid-etching bath and the alminum i n s i d e  the torus  w a s  completely 

etched out. After  a thorough cleaning,  the to rus  w a s  ready f o r  in- 

corporat ion i n t o  a concentrator.  

The master was prepared f o r  p l a t i n g  a f u l l  th ickness  

mir ror  sk in  and t h e  electroforming w a s  completed, only t o  r e s u l t  i n  a 

striictiiie iii i d i i ~ h  the r i ~  giosve iirea i tas  EVE^ thlnnei than ~ i ;  S C E ~  

of  t h e  test sk ins ,  wi th  voids  ind ica t ing  t h a t  add i t iona l  e f f o r t  w a s  re- 

qui red  i n  developing the  s e n s i t i z i n g  technique f o r  t h e  wax groove shape. 

The sk in  w a s  d iscarded.  During t h e  pa r t ing ,  cons iderable  d i f f i c u l t y  

w a s  encountered i n  sepa ra t ing  it a t  c e r t a i n  spo t s  on t h e  g l a s s  master 

which had r a t h e r  pronounced chip holes .  It w a s  decided t o  r e su r face  t h e  

master  i n  these  areas. This work w a s  done us ing  epoxy r e s i n .  Two 

changes were made t o  improve the r i m  t h i ckness .  

a t  making a mirror  sk in ,  t he  e n t i r e  assembly was t i l t e d  approximately 

1 1 / 4  inches t o  e l imina te  poss ib le  gas  entrapment i n  t h e  groove, and 

an aux i l i a ry  anode (a  4-inch s t r i p  of t i t an ium)  w a s  placed c l o s e  i n t o  

t h e  groove. 

On the  next  a t tempt  

The r e s u l t i n g  sk in  (60-POM5: R7) w a s  improved over i ts  

predecessor,  al though the  groove area s t i l l  appeared t h i n .  It w a s  de- 

cided t o  proceed with t h e  preparat ions and electroforming of  t h e  t o r u s  

f lange.  This w a s  completed and t h e  secondary p l a t i n g  f o r  t h e  t o r u s  

f lange w a s  conducted. The configurat ion w a s  t he  one shown i n  Sec t .  B of 

Fig.  41. However, when t h e  assembly w a s  removed from the  tank, two prob- 

l e m s  w e r e  revealed.  S l i g h t  leakage had occurred between t h e  m i r r o r ' s  

r e f l e c t i v e  sk in  and the  g l a s s ,  and cracks  were observed a t  t h e  j o i n t  of 
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t h e  mi r ro r ' s  r i m  f lange  and the to rus  f lange ,  which necess i t a t ed  a 

t h i r d  p l a t ing .  This t i m e  a 5/8-inch-wide doubled s t r i p  around t h e  

e n t i r e  mir ror  w a s  electroformed over the  cracked area. The pa r t ing  

r e su l t ed  i n  some s t r a i n  of t h e  mir ror  sk in ,  which caused v i s i b l e  o p t i -  

ca l  deformation near the  center .  Af t e r  i t s  cleaning,  t h e  mir ror  w a s  

boxed preparatory t o  coa t ing  and t e s t i n g .  Completed weight w a s  17.02 

pounds, ~ some 2 1/4 pounds over t h e  ob jec t ive  weight.  
~~ 

5.3.5 The Second Nickel T e s t  Skin Experiment 

A design change w a s  made t h a t  modified the  r i m  groove 

t o  t h e  configurat ion shown i n  Sec t .  C of Fig.41. This  w a s  done, i n  

view of t h e  d i f f i c u l t i e s  experienced during t h e  severa l  previous p l a t -  

ings ,  t o  "throw" enough electrodeposi ted materiai  down i n t o  tile groove. 

The master w a s  prepared with i t s  wax edge i n  t h e  new conf igura t ion  and 

a p l a t i n g  (60-PoM5: R8) was conducted. Upon i ts  removal it w a s  seen 

t h a t  t he  p e r s i s t e n t  problem of wax shrinkage had occurred, t h i s  t i m e  

a t  t h e  junc t ion  of the  wax and t he  g l a s s .  Blisters of wax, i n  some 

cases  protruding through the plated sk in ,  ind ica ted  a concent ra t ion  of 

curren t  and r e s u l t e d  i n  burned spots .  The s k i n  w a s  then c u t  up f o r  

material d i s t r i b u t i o n  measurements (Table V I ) ,  which r e su l t ed  i n  out-  

ward adjustments of severa l  of t h e  l a r g e  anodes i n  t h e  main a r r a y  t o  

cause t h e  change i n  thickness  from cen te r  t o  r i m  t o  be almost l i n e a r .  

This  was t h e  l a s t  change i n  t h e  n icke l  anode a r r ay  requi red  f o r  t he  

balance of t he  program (shown i n  Fig.  49) .  

5.3.6 The Second All-Nickel Concentrator 

Preparat ions w e r e  made f o r  p l a t i n g  a mir ror  sk in  f o r  

t he  second concentrator  assembly. The master w a s  t o  be resur faced  

again,  i n  t h a t  many of the  epoxy r e s i n  patches had been pul led  loose  

i n  the  previous two p la t ings  and severa l  new chips  had appeared i n  the 

g l a s s .  However, t h e  e f f o r t  to  e t c h  the  ch ip  holes  p r i o r  t o  r e p a i r  re- 

s u l t e d  i n  s t i l l  f u r t h e r  degradation of t h e  master's su r face  and i t s  

subsequent r e j e c t i o n  from the program. 
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A master (60-pOM 3)  which had been cracked ear l ie r  i n  

t h e  program (see Subsection 5.3.3) w a s  repa i red  on i t s  concave f a c e  w i t h  

g l a s s  doublers bonded wi th  epoxy r e s i n ,  as shown i n  Fig.  50. The master 

w a s  l eve led  i n t o  r i m  plane on the r o t a t i o n  equipment (60-PoM3: R 10)  

using an o p t i c a l  t oo l ing  level,  and p repa ra t ions  w e r e  undertaken f o r  a 

mi r ro r  sk in .  

cu r red  along t h e  r i m  between t h e  s i l v e r  amalgam on the  wax above t h e  

groove su r face  and the  chemical s i l v e r  on t h e  wax i n  t h e  groove. 

t i o n  upon removal revealed t h a t  shrinkage problems had not  been completely 

solved by the changes i n  technique. 

The continued problems i n  t h e  groove area now r e s u l t e d  

The p l a t i n g  w a s  under way f o r  1 hour when burnout oc- 

Inspec- 

;- cecnna -I..,..-.. ..F CL- --a:.-- ---c:-..--+:--. /---+ ~ - 2 -  f . T \  
A I L  u U L C V I I U  L * A U L * ~ C  V L  L L ~ L  L C I U L L U ~  C U I I L A ~ U L ~ L A V L I   pa^^ S l . 6 .  -A), 

opening it  up s u b s t a n t i a l l y  t o  assure improved depos i t ion .  The prepa- 

r a t i o n s  w e r e  made and p l a t i n g  of another  s k i n  (60-POM3: R11)  w a s  con- 

ducted. This experiment r e s u l t e d  i n  marked improvements over previous 

work, e s p e c i a l l y  i n  regard t o  the  groove area. A few small cracks  i n  

t h e  s k i n  prevented i t s  use.  These c racks  developed i n  p laces  where t h e  

w a x  apparent ly  w a s  not  burnished i n t o  a very smooth sur face .  Increased 

a t t e n t i o n  t o  t h i s  area w a s  t o  be given during subsequent p l a t i n g s .  

A t  t h i s  point  the a u x i l i a r y  anode w a s  enlarged, r i g i -  

d ized ,  and equipped with a r i m  j e t  gusher f o r  improved a g i t a t i o n .  The 

equipment i s  shown i n  F ig .  20. A f i n a l  s k i n  (60-PUK3 R12) w a s  then  

scheduled, and when p la ted  w a s  accepted. Work proceeded on t h e  prep- 

a r a t i o n  and p l a t i n g  i n t o  t h e  assembly of the  second n icke l  t o rus ,  wi th  

t h e  f lange  conf igura t ion  per Sec t .  F of F ig .  41. 

Figure 45 i l l u s t r a t e s  t h e  master and t o r u s  f l ange  man- 

d r e l  j u s t  p r i o r  t o  p l a t ing .  This p l a t i n g  w a s  s a t i s f a c t o r y ,  and t h e  

second concentrator w a s  par ted  and cleaned. A s m a l l  amount of mandrel 

wax had leaked under t h e  sk in  and subsequently caused some problem i n  

pa r t ing .  S l i g h t  deformations due t o  pa r t ing  are observable near t h e  

edge and i n  one s t r e z k  across  the face  of t h i s  mi r ro r .  F i n a l  weight was 
1 2 . 4 5  pounds, or 0.8 pounds under t h e  t a r g e t  of 13.25 pounds. The de- 

t a i l e d  prepara t ion  i n s t r u c t i o n s  used i n  niakinz t h i s  e n t i r e  assembly a r e  

given i n  the  next subsec t ions .  P l a t i n g  parameters a r e  l i s t e d  i n  Table V. 
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F I G .  49 FINAL CONFIGURATION OF MAIN N I C K n  
AMODE ARRAY 

FIG. 50 MASTW NO. 60-POM 3 - VIEW FROM CONCAVE 
SIDE, SHWING CRACKS AND REPAIRING 
METHOD 
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5.3.6.1 

Af te r  c 1 eaning 

bench with t h e  

Detailed Procedure - Preparing the  Master f o r  
a Skin Plating. 

t h e  master, a t t a c h  i t s  holding f i x t u r e  t o  a 

convex s ide  up. 

Secure the  ou t s ide  dam around t h e  master holding ring. 

Pour wax t o  required depth. 

Contour the  wax t o  shape by c u t t i n g  it a t  room temperature wi th  

t h e  swing f i x t u r e  indexed o f f  a cen te r  s h a f t .  

Mask off  a l l  wax outs ide groove area t o  be p l a t ed .  

Inspect  exposed wax and burnish i t  as required t o  e l imina te  

a l l  h a i r l i n e  cracks.  Inspect f o r  t i g h t ,  smooth t r a n s i t i o n  t o  

~ 

-1 --.. &La33 

Apply zinc chromate onto wax. 

Apply s i l v e r  amalgam (du Pont C o .  - so lvent  - buty l  a c e t a t e )  

on the  zinc chromate surface and back onto t h e  ou t s ide  dam t o  

bare  metal f o r  e l e c t r i c a l  contac t .  This  work is  i l l u s t r a t e d  

i n  Fig.  40. 
Inspect amalgam f o r  flaws and retouch. 

applying a smooth t r a n s i t i o n  coa t  a t  edge of g l a s s .  

Level master a s  required during an inspec t ion  with an o p t i c a l  

too l ing  l e v e l .  Measure a t  12 o r  more poin ts  around the  g l a s s ,  

equ id i s t an t  from t h e  center .  Use t h e  nuts  r e t a i n i n g  the  mas- 

t e r  holding r ing  fo r  the adjustment. The po in t s  must be i n  

plane wi th in  0.005 inch. 

Mask off the  amalgamed wax ou t s ide  the  area t o  be p l a t ed .  

Have the  p l a t ing  tape  protrude over t he  edge of the  groove 

0.015 t o  0.030 inch. 

Check a l l  e l e c t r i c a l  connections both on t h e  r i m  and t o  t h e  

center  plate .  The master i s  now ready f o r  s i l v e r  s e n s i t i z i n g .  

U s e  extra c a r e  i n  
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5.3.6.2 Detailed Procedure - S i l v e r  Sens i t i z ing  the  
Glass Master 

Cleaning the  g l a s s  master: 

I .  With the  master mounted i n  a t i l t e d  pos i t i on  over t he  spray 

tank, apply acetone spar ingly  onto t h e  g l a s s  with co t ton .  

2. 

3. 

4. 

5 .  

6 .  

7. 

8. 

9. 

Avoid contact  with the  wax.  

Rinse w i t h  t a p  water, 80° to 85OF. 

Appb  calcium carbonate chalk powder. Scrub it i n t o  a w e t  

pas te  on t h e  g l a s s  (8 t o  10  minutes).  

Rinse gradual ly  w i t h  t a p  water ,  80° t o  85OF; cont inue t o  

scrub. 

Wash w i t h  de te rgent  (Dref t ,  o r  equiva len t ,  1 /2  cup per  ga l lon )  

using lukewarm water and c o t t o n .  

Rinse wi th  tap  water, 80° t o  85OF. 
Wash with de te rgent  (Dref t ,  or equivalent ,  1 /2  cup per ga l lon )  

using lukewarm water. 

Sens i t i ze  the  sur face  wi th  stannous c h l o r i d e  - 5 gmf l i t e r  - 
d i s t .  5 0 ,  reduced a f t e r  so lu t ion  wi th  HCL to t h i n  cloudy 

s t a t e  followed by the add i t ion  of 2 c c / l i t e r  Duponol 80 or -  

ganic wetting agent .  Wipe over sur face  with cot ton.  

Rinse with t a p  w a t e r ,  80° t o  85'F. 

wet;  i n t e r j e c t  d i s t i l l e d  w a t e r  (70°F) and wipe with co t ton .  

Keep a l l  g l a s s  cons tan t ly  

S i l v e r  s ens i t i za t ion :  

1. Spray chemical s i l v e r  over t he  w e t  g l a s s ,  9 to  12 minutes o r  

u n t i l  opaque. 

2.  Const i tuents :  s i l v e r  n i t r a t e ,  sodium hydroxide, and 40% fo r -  

maldehyde i n  water .  

Rinse the  g l a s s  wi th  d i s t i l l e d  water,  70° t o  8OoF. 

Swab the  wax groove with 1 / 2  t o  1 l b / i n  

co t ton  swab, 2 revolu t ions .  

Dry with a hand blower, emphasizing f i r s t  t he  groove a r e a .  

Proceed with amalgam s i l v e r  touchup. 

3 .  

4 .  2 pressure,  using a 

5. 

6 .  
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1. 

2 .  

3 .  

4 .  

5.  

6 .  

7 .  

8. 

9. 

Mandatory: The amalgam must  be placed a l l  around the  g l a s s -  

wax j o i n t ;  a l l  around the g l a s s -cen te r  p l a t e  j o i n t ;  a l l  around 

the  j o i n t s  between center  p l a t e s ;  f u l l  length of any cracks  i n  

t h e  g l a s s ;  and f u l l  length of any h a i r l i n e  c racks  i n  t h e  wax. 

- Note: I f  the  s i l v e r  must be removed f o r  a repeated s e n s i t i z i n g ,  
proceed as follows: Pour hydrogen peroxide and ammonium 
hydroxide over the t i l t e d  g l a s s  and then  wipe ac ross  the  
sur face  wi th  co t ton .  Rinse wi th  t a p  w a t e r ,  80' t o  85OF. 
Dry thoroughly. 

~ 

5.3.6.3 Detailed Procedure - Preparing f o r  the  Torus 
Flange P l a t i n g  

After  c leaning a l l  p la t ing  so lu t ion  of f  t he  e n t i r e  master as- 

sembly, mount t he  master holding f i x t u r e  on a bench wi+-h the 
convex s i d e  up. 

D r i l l  holes:  f i r s t ,  t o  0.050/0.070-inch diameter,  then t o  

0.120f0.128-inch diameter i n  the m i r r o r  f lange;  0.06/0.O!?-inch 

edge d i s t ance  t o  top  of f lange,  spaced a t  1.0 - + 0.06 inch. 

Remove any wax on t h e  outs ide  of the  f lange  down t o  approxi- 

mately 0.06 inch from the mas ter ' s  su r f ace .  

Grind t h e  top  of t he  flange as required t o  remove any p l a t i n g  

beads. The ou t s ide  surface of t h e  f lange must be f lu sh .  

Place t h e  to rus  i n  pos i t ion  and tape a p l a s t i c  f i l m  p ro tec t ive  

sheet  over the mirror sk in ;  then place tape  between sk in  and 

to rus .  

Arrange a cy l ind r i ca l  dam about t h e  f lange and tape  t h e  ho le s  

i n  t h e  f lange  on the  outs ide .  

Remove t h e  c y l i n d r i c a l  dam and contour the  wax, c u t t i n g  a t  

room temperature.  

Mask o f f  t he  wax outs ide  t h e  f lange ,  t he  f lange and the  t o r u s ,  

from t h e  holes  up. 

Apply 2-spar enamel, white (Bro l i t e  Co.) i n  t h i n  fog c o a t s ,  

i n t e r m i t t e n t l y  sanding or burnishing i t  t o  a smooth su r face .  

Continue u n t i l  the  sdrface i s  f r e e  of a l l  imperfect ions.  

Pour wax t o  t h e  requi red  level. 
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10. 

11. 

12 * 

13. 

14. 

15. 

(Total  coa t ings  may run 0.001 t o  0.004 inch th i ck . )  

dry 12 hours minimum a t  room temperature.  

Apply primer, dark grey (Di t z l e r  Co., DZL 3475) i n  successive 

c o a t s ,  drying 30 minutes minimum between coa t s .  Wet-sand wi th  

320 and then 400 g r i t  c l o t h ;  po l i sh  t h e  las t  coa t  w i th  600 g r i t  

Remove masking from the  f lange  and to rus ,  and sand n i cke l  su r -  

Allow t o  

f ace  wi th  400 g r i t ;  po l i sh  wi th  600 g r i t .  

is now ready for t h e  p l a t i n g .  

Make f i n a l  c u t  i n  wax ou t s ide  f lange,  down t o  t h e  master's 

surface,  leaving a radius  of wax as shown i n  F ig .  41,  Sec t .  D ,  

and c a r e f u l l y  check seal between t h e  p la ted  sk in  and the master. 

Check the  e lectr ical  connections i n  t h e  c e n t e r .  The u n i t  is  

The mandrel su r f ace  

now ready f o r  applicatFnn cf the silver scnsltizing '------ I d y e s .  

Clean and mask o f f  nickel  su r f ace  on mir ror  f lange  (over holes )  

and on to rus  (adjacent t o  and over holes ) .  

S i l v e r  s e n s i t i z e  t h e  area t o  be p l a t ed  wi th  several fog  coats 

of sprayed s i l v e r  amalgam (du Pont Co.). Carefu l ly  in spec t  

each coat  f o r  cracks.  Remove masking t ape  from bare m e t a l .  

The assembly i s  now ready f o r  p l a t ing ,  which should begin wi th in  

2 hours a f t e r  s ens i t i z ing  t o  avoid contamination and cracking 

of t h e  exposed s i l v e r  l a y e r .  

5.3.7 Copper T e s t  Skin and Concentrator 

The p l a t ing  of t h e  5-foot-diameter u n i t  has  been delayed 

by the problems encountered, as ou t l ined  i n  the  subsect ion on n i c k e l  mir ror  

development (Subsection 5.3.4). Inasmuch as t h e  copper work i s  incomplete, 

an  addendum t o  t h i s  r epor t  w i l l  be  i ssued  i n  t h e  f u t u r e  de f in ing  t h e  copper 

p l a t i n g  experiments, with a f inal  summary on t h e  r e s u l t s  o f  5-foot-diameter 

mir ror  f ab r i ca t ion  coa t ing  and t e s t i n g  on the  program. 

5 . 4  - Coating the Concentrators 

The f i r s t  a l l - n i c k e l  concentrator  w a s  t ranspor ted  t o  a ren ted  

5-foot-diameter vacuum coat ing f a c i l i t y  and given vacuum depos i t i ons  of  

chromium, s i l i c o n  monoxide, and aluminum. The chromium i s  s p e c i f i e d  f o r  
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adherence between the  s e n s i t i z i n g  s i l v e r  and t h e  r e f l e c t i v e  l a y e r .  The 

s i l i c o n  monoxide acts as  a b a r r i e r  t o  p ro tec t  t he  r e f l e c t i v e  coa t ing  of 

aluminum. The aluminum has  been confirmed by recent  t e s t i n g  as  t h e  

coa t ing  possessing outs tanding r e f l e c t i v i t y  i n  a broad range of t h e  

solar energy spectrum, wi th  reasonable d u r a b i l i t y  i f  kept  w e l l  covered 

when not i n  use, T coat ing apparatus ,  inc luding  EOS-supplied elec- 

t rodes,  glaw discharge r i n g  and material conta iners ,  performed a s  ex- 
pected and t h e  coati, process  was success fu l .  

tests showed t h e  coa t ings  t o  b e  f i rmly adherent .  

mir ror  and t h e  copper unit w i l l  be  coated a t  t h e  same loca t ion  and i n  

the  same manner. 

concentrator  w i l l  be  de t a i l ed  i n  the pddend1lm tn t h i s  repor-, 

~~ 

Pressure-sens i t ive  t ape  

The  second nickel  

Any devia t ions  from t h e  process  used on t h e  f irst  

Tables 

5.5 Calor imetr ic  Test ing 

5.5.1 The Technique 

Concentrators produced on t h i s  program have been or are 

to  be tested f o r  e f f i c i e n c y  wi th  t h e  ca lor imeter  technique developed on 

ear l ie r  programs. 

w a s  reported i n  cons iderable  d e t a i l  i n  EOS Report 1587-Final. 

a l ign ing  t h e  concentrator  and calor imeter  on a x i s  and foca l  po in t  w i th  

an in t eg ra t ed  Hartmann screen (sun f i l t e r )  i n  an EOS s o l a r  tracker,  t he  

readings are taken f o r  o r i f i c e  s i z e s  ranging from 3/8 inch t o  2 inches.  

A review of t h e  d a t a  ca l cu la t ing  procedure follows, us ing  t h e  hypothet i -  

c a l  da t a  shown i n  the  following char t :  

This  procedure w a s  per fec ted  on Contract  NAS 7-10 and 

A f t e r  f i r s t  

From 1.941 1.252 88.52 0.936 2.188 128.42 39.9 1.943 74.5 
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(BT0F)(Flow - l b s  H20/min) 

1 .77  mv 
Actual flow 

Speci f ied  flow (mirror area) 

Subs t i tu t ing ,  

Flow a t  80 percent = 1.684 l b s  H20/min 

2 
~ Mirror area = 19 .77  f t  

* 100 = 4 
(ATOF) (1 .684 1 bs  B20/min a t  80%) 

1 .77  mv 

Btu/min/ f t 2 
(Pyr. mv)(19.77 f t  

Sub 3 t i tu t i ag 

ATOF = 39.9 

Actual flow = 74.9% 

39 9 74.9 
1,942 80.0 4.81 *- - = 92% e f f i c i ency  

I A c t u a l  flow 
80% flow 

"OF ) ( 
81 ( Pyr. mv 

5.5.2 Calor imetr ic  T e s t  Resu l t s  

Concentrator 60-POM5: R7 was considered somewhat degraded 

by the pa r t ing  procedure before i t  was coated and t e s t ed .  

r e s u l t i n g  from the  test i s  shown i n  Fig.  51. 

59 percent  with the  112-inch o r i f i c e  i s  considerably lower than the  va lues  

obtained with earlier mirrors  and i s  d i r e c t l y  the  r e s u l t  o f  t he  a fo re -  

mentioned damage t o  t h i s  un i t .  A t  l a r g e r  o r i f i c e  s i z e s  the  concentrator  

e f f i c i ency  i s  r e l a t i v e l y  b e t t e r  inasmuch as the  damaged a r e a s  were no t  

severe ly  deformed. For example, f o r  the  1-inch o r i f i c e  the  e f f i c i e n c y  

i s  78.5 percent and f o r  the 2-inch o r i f i c e  the e f f i c i e n c y  i s  85.8 percent .  

The da ta  

Concentrator e f f i c i e n c y  of  

' 

The u l t ra l igh tweight  concent ra tor ,  60-POM3: R12,  was 

a l s o  degraded by t h e  pa r t ing  procedure bu t  t o  a l e s s e r  degree than 

experienced with the f i r s t  mirror. Calor imetr ic  t e s t i n g  of t h i s  
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CALORIMETER ORIFICE SIZE, (inches) 

FIG. 51 TEST RESULTS - 6O-POM5: R7 
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concentrator i s  i n  progress; i t  i s  expected that the data from t h i s  

Concentrator and also from the copper mirror w i l l  be discussed in  the 

forthcoming supplement to  th i s  report .  

2 100 -Fina 1 131 



6 .  SL24MARY OF PROGRAM 
The developmental work performed during the course of this program 

confirms the feasibility of producing solar concentrators entirely by 
the electroforming process. 

trators possessing back-mounted torus structures tend to confirm the 
practicality of the approach of secondary plating for effectively lock- 

ing together a highly efficient, thin-shelled structure. Although the 

final edge configuration does not give a completely reflective area, the 

deslgr; d o ~ s  icpreseiit a coiisiderabie improvement: over the front-mounted 
torus employed earlier. Specifically, the front-mounted torus possessed 

an obscuration of 2 inches on the radius. The target for this program 
was 1/8 to 3/16 inch. The representative mirror (60-POM3: R12) uses 3/8 

of an inch for the curved edge. 

ginally proposed improvement was achieved. 

ject mirrors also confirmed the merits inherent in the rotation equipment 
application. 

Preliminary results of the work on concen- 
-- ~~ 

Therefore, a major portion of the ori- 

The completion of the sub- 

As was apparent during several previous programs, the electroforming 

processes require precise control and specific development for each vari- 

able in the work. On this program it was determined that scaling-up 

techniques must be analyzed carefully and perhaps limited in ratio. It 
was found that some design shapes and fabrication techniques that seemed 

satisfactory for 18-inch-diameter mirrors caused some difficulty until 

modified for the 5-foot-diameter mirrors. 

The physical properties studies were especially beneficial in 

improving the state of the art, inasmuch as they firmly defined trends 

in the effect of the several key plating parameters on tensile strength, 

yield point, and modulus of elasticity. Bath controls and plating pro- 

cedures have been improved and formalized into reasonably comprehensive, 
written procedures. Vacuum coating methods as applied to the finishing 
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of mirrors  have been standardized, with some support  f o r  bas i c  dec is ions  

from the r e s u l t s  of t he  coa t ing  s tud ie s .  These s t u d i e s  should be super- 

seded i n  the  f u t u r e  with more experiments, including more soph i s t i ca t ed  

approaches t o  specimen production and t e s t i n g .  

Spec i f ic  problem areas  include a v a i l a b i l i t y  of r e l i a b l e  master 

The l a t t e r  po r t ion  of  t o o l i n g  and copper p l a t i n g  so lu t ion  c o n t r o l .  

t h e  p-rogram was influenced by a c r i t i c a l  shortage of 5-foot-diameter 

g l a s s  masters, a shortage t h a t  even threatened t o  h a l t  t h e  work i n  

progress .  This shortage of searchl ight  g l a s s  masters i s  now na t ion-  

wide and underscores t h e  need for  replacement. The c o n t r o l  and m a i n -  

tenance of an acceptable copper p l a t ing  ba th  has continued t o  cause 

d i f f i c u l t y  i n  t h a t  t he  hardening add i t ives  chemically degrade between 

p l a t i n g s .  It i s  expected t h a t  development of a new approach i n  ba th  

ana lys i s  procedures would lead t o  acceptable  process  r e l i a b i l i t y  i n  

the f u t u r e  production of high performance copper concent ra tors .  

I n  summary, t h e  present  program brought t o  l i g h t  new problems 

while solving o t h e r s ,  answering quest ions,  and improving e x i s t i n g  

design processes and techniques.  The f e a s i b i l i t y  c f  t h e  e l e c t r o -  

forming process f o r  t he  production of an u l t r a l igh twe igh t ,  high 

performance s o l a r  concentrator  was again demonstrated. Future work 

should be concentrated pr imari ly  on too l ing  r e l i a b i l i t y  and product 

improvement and, u l t ima te ly ,  on design and development of system 

hardware f o r  f l i g h t  tes t ,  
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